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1.1 ??????????????????????
?????????????????????????????????????????????
??????????? [1, 2]?????????????????????????????????
??????????????????????????????????????????????
??????????????????????????????????????????????
??????????????????????????????????????????????
?????? [3, 4]???????????????????????????????1990?????
??????????????????????????????????????????????
??????????????????????????????????????????????
???????????????
1.1.1 ?????
???????????????????????Beaurepaire???? 1996??????????
?? (ultrafast demagnetization)??? [5–7]????????????????? 60 fs???????
?????????? Kerr????????????????????????????????? 1.1
?????????????????????????????????????2 ps???????
??????????????????? (∼ 0.65)??????? 260 fs?????????????
??????????????????????????????????????? (Ts)?????
????? 1.2(a)???????????????????????? (Te)????????????
??????????????1 ps?????????? Te = 675 K????????? 1 ps???
?????????????? Te = 550 K??????????????????? 1 ps??????
2 ps?????? Ts = 580 K????????Te ????????????????????????
???????????????????????????? [6]???????? 1.2(b)????Te
??? Ts ????? [? 1.2(a)]????????????????????????????????
??????????????????????????????????????????????
????????????????
???????????????????????????????????????? [8–19]??
??????????????? [20–26] ???????? [27–31]????? [32–34] ??????
2 ? 1? ??
? 1.1 ??????????????
??????????????????
??????????????????
Kerr ???????????????
???????? H = 0 ??????
???? normalized remanence ????
?? [6] ??????????? 2010
American Physical Society.
? 1.2 (a)????????????? (Ts)????? (Te)
??????? Te??? Ts ?????????? 1.1???
????(b) ?????????????????????
??????? (Tl) ?????? [5] ??????????
? 1996 American Physical Society.
?????????????????????????????????????? Landau–Lifshitz–
Gilbert (LLG)????????????????????????????????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
?????????? [6, 7]?
1.1.2 ?????????????
?????????????????????????????????????????????
???????????1990 ????????????????? [35–48]????????????
??????????????????????????????????????????????
??????????????????????????????????????????????
?????????????????????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????? R1−xAxMnO3
?R???????A??????????????????????????????????????
???????????????????????????????????????? 1.3??? [49]?
??????????????????????? La1−xSrxMnO3 ???????? x = 0?????
??x ≳ 0.16????????????? eg ??????????????????????????
??????????? [50–52]?t2g ?????????? eg ??????????? Hund????
1.1 ?????????????????????? 3
? 1.3 ??????????????? R1−xAxMnO3 ??????x ?????????????
???????PI????????PM???????CI????????????COI??????
???AFI?????????????CAFI??????????????????? [49]????
??????? 1998 American Physical Society.
??????????????????????????????????????????????
????????????????? θ ??? cos(θ/2)???? [51]???????????????
??????????? cos(pi/2) = 0????????????? cos(0) = 1???????????
??????????????????????????????????????????????
??????????????????????????????????????????????
???? [53–55]? f??? [56]?????? [57]???????????????????????
????? [58, 59]??? Hall????????? Hall?? [60–65]???????????????
?????
?????????????????????????????????????????????
?????????????????? [66–84]. ???? R0.55Sr0.45MnO3 ????????????
?????????????????????????????? [75]??????????? R??
??????????????????????????? 1.4(a) ????????????????
???? (10 K)?? R = Eu??????????R = Gd????????? 1.4(b)???????
????????????R = Gd?????10 K???????????????????????
??? 1.4(c)???????????????? R = Eu?????????????????????
? 1.5??????????????? ∆R/R ???????? Kerr????? ∆θKerr ??????
??????????????? (≲ 0.2 ps) ??????????? (0.12 eV) ??????????
??∆θKerr ??????????????????????0.12 eV????????????????
???????????? 1.5(a)???????????????????????? 200 fs????
??????????? 0.25 ps???????????????????? 4.3 ps?????????
?????? 200 fs???????????????????????????????? 0.5 ps??
????????????????????????????
1.1.3 ????????? Floquet????????
?????????????????????????????????????????????
????????????? [85–92]??????????????????????????????
????????????????????????? [6, 7, 85–87, 93]???????? [92, 94, 95]?
4 ? 1? ??
? 1.4 (a) ???????????????
R0.55Sr0.45MnO3 ???????????????
CO-OOI????????????SGI?????
??????FM???????(b) R = Gd???
R = Eu ???????????????(c) ??
?????????????????? R = Eu?
R = Gd ????????? [75] ???????
???? 2007 American Physical Society.
? 1.5 0.12 eV??? 3.1 eV?????????
∆R/R ? Kerr ????? ∆θKerr ???????
??????????????????????
??????????? [75]??????????
? 2007 American Physical Society.
??????? [96–99]???????????????????????????????????
?????????????????????????????? Floquet?? [48, 89, 100–103]??
????????????
?????????????????? Floquet ????????????*1?????????
T ≡ 2pi/Ω??????? t ??????????????H(t)?
H(t + T) = H(t) (1.1)
????????Floquet???????????? Schrödinger???
i
∂
∂t
|Ψ(t)〉 = H(t)|Ψ(t)〉 (1.2)
????|φ(t + T)〉 = |φ(t)〉 ???????Floquet???|φ(t)〉 ????
|Ψα(t)〉 = e−iεα t |φα(t)〉 (1.3)
????????? εα ????????????Bloch ????????????????????
??????????????????????????“Brillouin???”? (−Ω/2,Ω/2]?????
??????????????????????H(t)??? Floquet?? |φ(t)〉 ??????????
?? Fourier???????????
H(t) =
∑
n
e−inΩtHn, Hn =
∫ T
0
dt
T
einΩtH(t), (1.4)
|φα(t)〉 =
∑
n
e−inΩt |φnα〉, |φnα〉 =
∫ T
0
dt
T
einΩt |φα(t)〉. (1.5)
*1 ??? Floquet?? [104]? d f (t)/dt = A(t) f (t) (A(t +T ) = A(t))?????????????????????????
????????? Schrödinger???????????? Bloch??? [105]??????
1.1 ?????????????????????? 5
????? (1.1)?????? ∑
n
(Hm−n − nΩδmn)|φnα〉 = εα |φmα 〉 (1.6)
?????????????????????????? m, n?????????????????
. . .
...
H0 − 2Ω H+1 H+2 H+3 H+4
H−1 H0 −Ω H+1 H+2 H+3
· · · H−2 H−1 H0 H+1 H+2 · · ·
H−3 H−2 H−1 H0 +Ω H+1
H−4 H−3 H−2 H−1 H0 + 2Ω
...
. . .


...
|φ+2α 〉
|φ+1α 〉
|φ0α〉
|φ−1α 〉
|φ−2α 〉
...

= εα

...
|φ+2α 〉
|φ+1α 〉
|φ0α〉
|φ−1α 〉
|φ−2α 〉
...

(1.7)
????????? “Floquet??”??????????????????????????????
??Hmn ≡ Hm−n ?H†mn = Hnm ???????Floquet???????? (Hmn − nΩδmn)?????
????????????????????????? Hilbert??????????????????
??????? [89, 106–117]?Floquet??????????????????????????
e−iHeffT = T exp
[
−i
∫ T
0
dtH(t)
]
(1.8)
????????????Heff ??????? T ????????????????????????
?????????????? Ω−1 ???? Floquet–Magnus???van Vleck???Brillouin–Wigner
?????? [107]????Schrieffer–Wolff???????? [88, 108–114]???????????
??? van Vleck??? Ω−1 ?????????????????????
Heff ≈ H0 + [H−1,H+1]Ω (1.9)
??????????????????????????????????????????????
??????????????????????????????????????????????
????????????????????Floquet???????????????????????
? [103, 118–123]???????????????????????????????????? Heff
??????????????? Floquet????????????????????????????
?????????? [86, 88–91]?
????? Floquet????????????????????? 2009?????????????
??????????? [124] ?????????? Floquet ??? Keldysh Green ????????
??????????????????????????????????????Aharonov–Anandan
????????Dirac ??????????Hall ????????????? Thouless–Kohmoto–
Nightingale–Nijs?? [125]??????????????????????????????????
??????????? Hall?????? 2018??????? [126]???????????????
?????????? [89, 127–129]?
Floquet??????????????????????????????????????????
??????? [86, 108, 110–112, 130–142]?????????????????????? (1.9)??
Heff = H0 ????????????????????????H(t)???????????????
????????? H0 ???????????????????? h ??????????????
6 ? 1? ??
? 1.6 (a) 2??? Hubbard?????? Floquet
??????????????????? E ??
????????????????????(b)?
??????????????????????
??????????????????? Jex ?
E ????U = 10????(c) Floquet?????
? Jex ????????????? “????”?
?????????????????U ± nω??
?????????? [130] ?? CC BY 4.0 ??
??????????
? 1.7 (a)(b) ????????????????
??????????????????? ∆Jex ?
??????????????????????
(a) ω = 3 ??? (b) ω = 12 ?????????
U = 10???? T = 0.025 ????(c) ????
?????? ∆Jex/(JexE2)?U = 10????ω?
U ?????????????????????
? [130]?? CC BY 4.0????????????
??? [116, 143–152]????????????? Coulomb???U ???????????????
Jex ∼ h2/U ??????????????????????????Mentink?? Hubbard?????
??????????Floquet?????????????????
Jex =
2h2
U
+
E2h2
4
(
1
U + ω
+
1
U − ω −
2
U
)
(1.10)
????? [130]???? h????????????????U ?????? Coulomb???E ??
?????????????????????????ω????????????? 1.6??????
?? ω? U ????????????? Jex ??????????????????????????
?????????????????????????? [? 1.7]?????????????????
???????????????????????
??????????????????? Floquet ??????????????????????
???Mott?????????????????????????????????????????
??????????????????
1.2 ????????????????????
????????????????????????????????????? [153–155]????
??????????????????????????????????????????????
??????????????????????????????????????????????
1.2 ???????????????????? 7
??????
?????????????????????????????????????????????
??????????????????????????????????????????????
??????????????????????????????????????????????
?????????????????????
1.2.1 ???????????????
????????????????????????????????????????????
??????????????????????????? 1.1.2 ???????????????
?????????????????????????????????????????????
? [157–164]????????????????????????????*2????????????
???????
HDE =
∑
i j
hi jc
†
iscjs − J
∑
iss′
Si · σss′c†iscjs′ . (1.11)
? 1.8 ?????? [? (1.11)]????????????? Si ??????????????JH
? Hund???????〈n〉??????T ????W ∝ t ????????????????????
FM?????PM?????PS?????IC????????? [156]??????????? 1998
American Physical Society.
*2 ?????????????????? s-d???????????????????????????????????
?? J ???????????????????
8 ? 1? ??
? 1.9 ???????????????????
??????????τ ????t ???????
?????????????? [159] ?????
?????? 2007 The Physical Society of Japan.
? 1.10 ????????????? E(τ) =
〈∑i Si · Si+1〉 ????????? [159]????
??????? 2007 The Physical Society of Japan.
??? c†is ???? s (= ↑, ↓)??????? i ??????????????Si ???? S ?????
?????σ = (σx, σy, σz)? Pauli??????????????????????hi j ??????
????????????????????????????? Hund??? (J > 0)????? (1.11)
??????????????????????????????? [156, 165–175]????????
??????????? 1.8??? [156]?Hund????????????????????????
????????????????????????????????
?????????????????
H = HDE +U
∑
i
ni↑ni↓ + V
∑
〈i j 〉
ninj + Js
∑
〈i j 〉
Si · Sj (1.12)
????????????? (DMRG)?????????????????????????? [159]?
??? nis = c†iscis, ni =
∑
s nis ????????????????????????????????
??????????? ω0 ??????????????????????????????????
?????????????? 1.9???????????? ω = 2t ???????????????
?????????????????????????????????????????*3?? 1.10
????????????????? E(τ)???????????? E(τ)????????????
??????????????????????????????????????????????
?????????????????????????????????????????????
??????????? (1.12)??????????????????????????DMRG??
??????????????????? [162]????????????????????????
?????????????????????????? 1.11(b) ????????????????
???? 1.12??????????????????????? Aph ≲ 0.08????????????
???????????????????Aph ≳ 0.2???????????????????????
?????????????????????? [159]?????????????????????
*3 ??????????? Drude????????????????????????
1.2 ???????????????????? 9
? 1.11 (a)?????????????????
??????????????????????
????????(b) ???? ∆σ2 ??????
???? Ekin ??????Aph ????????
?????? [162]??????????? 2013
American Physical Society.
? 1.12 ??????????????? KS ∝∑
〈i j 〉 Si · Sj ??????Aph ????????
??????????? N = 15???? N = 25?
?? [162]??????????? 2013 American
Physical Society.
? 1.13 (a)????????? ∆n? (b)?? M ??????????????????????
??????????? [158]??????????? 2007 Elsevier.
10 ? 1? ??
? 1.14 (a)????????????????????????????????????????
?????????????????????????????????????(b)–(e)???????
????????????? (f)–(i)???????????????????? T = 28, 80, 224, 228
????Hund??????? J = 2?Gilbert????????? α = 1?????? [163]???
???????? 2009 American Physical Society.
??????????????????????????????????????????????
?????????????????????????????
??????????????????? (1.12)????????????????????????
???????????????? Hartree–Fock????????????????????????
?????????????? [158]??????????????????????????????
??????????????????????????????????????????????
??????? ∆n = N−1∑i(−1)ini???????? M = (3N/2)−1∑i 〈Si〉 ?????????? 1.13
?????? t = 0??????????????t = 60000??????????????t = 80000?
??? ∆n ≈ 0????????????????????????????????????????
???????????????????????? DMRG???????????????????
??????????????????? [? (1.11)]?????????????????????
??????????????????????????????????????????????
[? (1.11)]?????????????????????????????????????????
???????? [163]????????????????????????????????????
???????????????????????????????????????? LLG???
∂Si
∂t
= heffi × Si + αSi ×
∂Si
∂t
(1.13)
??????? heffi ???? Si ??????????????
heffi = −〈∂H/∂Si〉 =
∑
ss′
J〈σss′c†iscis′〉 (1.14)
?????????α ? Gilbert ???????????????????????????????
??????????????????????????????????????????????
1.2 ???????????????????? 11
? 1.15 ??????????????? T =
0–80??????????????(a)?????
???????????????????????
???????????????????????
? T = 80, 152, 430, 1000????(b)–(e)????
???????????? T = 80, 152, 430, 1000
????(f)–(h) ???????????????
? (i)–(k) ??????????????????
??? T = 80, 152, 430?????? [164]???
???????
? 1.16 ??? ω = 2SJ ????? T = 0–5??
??????????????????(a)???
???????????????????????
?????(b)(c) ??????????? (b) T = 6
??? (c) T = 2000????(d)?? T = 2000?
???????????????????????
???????????????(e)?? T = 2000
???????????????? [164] ???
???????
???????????? 2 ???????????????????????? 1.14 ??????
???????????????????????? T = 20–40 ????????????????
T ∼ 170?????????????????????????????? T = 200–400??????
????????????????????????? 1.14(h)(i) ????????????????
??? 1.14(d)(e)???????????????????????????????????????
?????? T ≳ 400????????????????????????????
????? [163] ?????????????????????????????????????
??????????????????????????????????????? [164]?????
??????????????????? [163]?????????????????????????
??????????????????????????????????????????????
??????????????????????????????????????????????
????????????????????? Peierls ?????????????????????
?????????????????????????????????????????????
??? 1.15??? T = 80??????????????????????????????????
T ∼ 200????????????????? [? 1.15(a)]??? T = 152?????????????
???????????????????????????????????????????????
?????? [? 1.15(g)(j)]??? T > 300???????????????????????????
???????? [? 1.15(d)(k)]????????????????????????????????
?????????????????????????????????????????? (∼ 2)??
??????????????????????? 1.16????????? T = 5????? ω = 2SJ
12 ? 1? ??
??????????????????????????????????????????????
??????????????????????????????????????????? 1.16(d)
??????????????????????????????????????????????
??????????????????????????????????? 1.16(e)??????
?????????????????????????????????????????????
??????????????????????????????????????
1.2.2 ????? RKKY????
????????????? Hund?????????????????????????????
??????????????????????????????????????????????
?? Ruderman–Kittel–Kasuya–Yosida (RKKY)?????????????????????????
???????????????? [176–178]?
RKKY????????????????????????????????????? [142, 179–
182]?Genkin???? ω????????? H+(t)? RKKY??????????????? [179]?
??Ri ????????? Si??? r??????????????? s(r)???????????
??????????? H+(t)?????????? S+i = Sxi + iSyi ????????????????
?????????? V = −AS+j s−δ(r −Rj)?????????????? Heff(q, ω) = −ASj(ω)/(gµ)
???????????????????????????????? χ−+(q, ω)??????????
??? s− ????????????Si ? Sj ?????????? χ′ = Re χ ????
HRKKY = J(ω,Ri j ≡ Ri −Rj)S+i (ω)S−j (ω), J(ω,Ri j) = −
A2
g2µ2V0
∑
q
χ′−+(q, ω)eiqRi j (1.15)
??????????????????? RKKY????????????????????????
????? RKKY?????????? χ−+(q, ω)???????????? ω??????????
?????????????????? ω??????
Duan??????????????????????????????????? [142]?
H = −t
∑
〈i j 〉s
c†iscjs +
iλso
3
√
3
∑
〈〈i j 〉〉ss′
c†isσss′ · (di × dj)cjs′ +U
∑
is
µic
†
iscis . (1.16)
???????????????????????????????????????????????
???????? Dirac ?????????????????? Dirac ??????????????
????????????????A(t) = (A sinωt, A cosωt)?????? Peierls?????????
??? (1.9)?? Floquet???????????????????????????????? RKKY
??????????
HαβRKKY =
−λ2
pi
Im
∫ EF
−∞
dε Tr
[(S1 · σ)Gαβ(R, ε)(S2 · σ)Gβα(−R, ε)], (1.17)
≡ J⊥(Sx1 Sx2 + Sy1 Sy2 ) + JzSz1Sz2 + JDM(S1 × S2)z for α = β. (1.18)
??? α, β ????????????? A,B?????????? J⊥, Jz ? Ω = 3t2A2/(4ω)????
???????????? 1.17????????????????????????????????
????? 1.18? Ω??? U ???? Jz, J⊥, JDM ???????????????????????
???????????????????????
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? 1.17 RKKY???????????????? Ω ∝ A2/ω????????QSHI??????
Hall????P-QHI?????? Hall????????? [142]?? CC BY 4.0????????
????
? 1.18 (a)(b)(d) Jz, J⊥, JDM ????(c) ????????????????? (a) ???? Jz ?
???????????PS-QHI??????????? Hall????CBI???????????
????? [142]?? CC BY 4.0????????????
RKKY??????????????????????????????????????????
??? [179–182]?Duan? [142]??????????????????????? Floquet????
?????????????????????? RKKY?????????????????????
??????????????????????????????????????????????
?????????????????????????????????????????
14 ? 1? ??
1.3 ??????
?????????????????????????????????????????????
??????????????????????????????????????????????
?????????????????????????????? Floquet????????????
??????????????????????????????????????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
(1)??????????????????????? 3??? 4??? 5??
?????????????????????????????????????????????
??????????????????????????????????????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????? (1.11)???
??????????????????????????????????????????????
????????????????????????????????????
(2)??????????????????? 6??
??????????????????????????????????????????????
RKKY??????????????????RKKY??????????????????????
??????????????????????????????????????????????
??????????????????????????????????????????????
??????????????????????????????????????????
????????????????? 2???????????????????????????
??? Green?????????? 3?????????????????????????????
???????????????????????????????????????????? 4?
???? 3?????????????????????????????????????????
?????????????????? 5????????????????????????????
Floquet Green????????????????????????????????????? 6??
? Hund??????????????????????????????????????????
???????????????????????????????????? 7?????????
???
1.4 ??? 15
1.4 ???
???????????????? (SI)??????SI???????????????? m, kg, s,
A, K ? 5?????????????????????????? Dirac????? Planck???ℏ?
???? e?Boltzmann?? kB ? 3??????????????????????????a???
?????????????? h ? 5???? 1????????????????????????
???????????????? 1.1????
? 1.1 ????????????? 3??????? (ℏ, e, kB)????????????????
??????????? a = 0.5 nm, h = 0.5 eV?????????? 4???????
??? ?? ?? a= 0.5 nm, h= 0.5 eV
?? ℏ/h 0.658212h−1 eV fs 1.32 fs
???? h/ℏ 1.519267h eV−1 fs−1 0.760 fs−1
?? h/kB 11604.5h eV−1 K 5802.3 K
?? ah/ℏ 1.519267ah × 106 nm−1 eV−1ms−1 3.8 × 105 m/s
???? eh/(ℏa2) 2.434135a−2h × 1010 nm2 eV−1 Acm−2 4.9 × 1010 A/cm2
????? e2/(ℏa) 2.434135a−1 × 103 nmS cm−1 4.87 × 103 S/cm
????? ℏa/e2 4.108236a × 10−4 nm−1Ωcm 2.05 × 10−4 Ωcm
?? h/(ea) 10a−1h nm eV−1MVcm−1 10 MV/cm
?? h/e 1h eV−1 V 0.5 V
???? ℏ/(ea2) 6.582119a−2 × 102 nm2 T 2.63 × 103 T
?????????? ℏ/(ea) 6.582119a−1 × 10−7 nmTm 1.32 × 10−6 Tm
?????????? ea 1.602177a × 10−28 nm−1 Cm 8.01 × 10−29 Cm
?????????? ea2h/ℏ 1.519267a2h × 10−3 nm−2 eV−1 eVT−1 1.90 × 10−4 eV/T
??? e2/(ah) 1.602177a−1h−1 × 10−10 nm eVFm−1 6.4 × 10−10 F/m
??? ℏ2/(e2ah) 2.70409a−1h−1 × 10−3 nm eVHm−1 1.08 × 10−2 H/m
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? 2?
??? Green???
??????????????????????????? Green???????????????
????????????????????????????? Keldysh???????? [183]???
???????????????????????? (Schwinger–Keldysh??)??????????
???? Green???????????????????????????????????????
??????????????????????????????????????????????
?? [184]??????????????????????*1?
?????? [48, 107, 113, 124, 185–196]????????? Green??????? Floquet Green?
????????????????????????????????????????????Floquet
Green????? 5??????????????????????????????????????
????????????? 3?????????????????? 6?????????????
???????????
2.1 Keldysh??
??????????? |Ψ(−∞)〉 = |Ψ0〉 ?????? t ???? Heisenberg?????? O(t)??
???
〈O(t)〉 ≡ 〈Ψ0 |O(t)|Ψ0〉 = 〈Ψ0 |U†(t,−∞)OU(t,−∞)|Ψ0〉 (2.1)
????????? O = O(−∞)? Schrödinger??????????U ????????
U(t, t ′) =

TC1 exp
[
−i ∫ t
t′ dt¯H(t¯)
]
(t > t ′)
TC2 exp
[
−i ∫ t
t′ dt¯H(t¯)
]
(t < t ′)
(2.2)
????TC1 (TC2 )???????????????????????????????????????
??????? U(t, t ′)?????????
U(t, t) = 1, U(t, t ′)U(t ′, t ′′) = U(t, t ′′), U†(t, t ′) = U(t ′, t). (2.3)
????????? (2.1)?????
〈O(t)〉 = 〈Ψ0 |TC exp
[
−i
∫
C
dt¯H(t¯)
]
O(t)|Ψ0〉 (2.4)
??????TC ? Schwinger–Keldysh?? [? 2.1]?????????????
*1 ???????????? Green???????? Kadanoff–Baym?????????????????????????
18 ? 2? ??? Green???
? 2.1 Schwinger–Keldysh?? C = C1 + C2?
???? Green???
Gµν(t, t ′) ≡ −i〈TCψµ(t)ψ†ν (t ′)〉 (2.5)
????????? ψ†ν ???? ν ??????????????????????????? Green
??????? t, t ′ ??? C1 ? C2 ??????????????????????????????
?????
Gˆµν(t, t ′) =
[
G11µν(t, t ′) G12µν(t, t ′)
G21µν(t, t ′) G22µν(t, t ′)
]
(2.6)
?????????????????????
G11µν(t, t ′) = −i〈TC1ψµ(t)ψ†ν (t ′)〉, ????????Green??, (2.7)
G12µν(t, t ′) = −iζ 〈ψ†ν (t ′)ψµ(t)〉, Lesser Green??, (2.8)
G21µν(t, t ′) = −i〈ψµ(t)ψ†ν (t ′)〉, Greater Green??, (2.9)
G22µν(t, t ′) = −i〈TC2ψµ(t)ψ†ν (t ′)〉 ??????????Green?? (2.10)
??????????? ζ = +1??????????? ζ = −1????Lesser??? greater Green?
? G12, G21 ????? G<, G> ??????????? Green???
G11µν(t, t ′) + G22µν(t, t ′) = G12µν(t, t ′) + G21µν(t, t ′) (2.11)
???????????????????????????
L =
1√
2
[
1 −1
1 1
]
, σz =
[
1 0
0 −1
]
(2.12)
????????????????????
G˜ = LσzGˆL† =
1
2
[
G11 − G22 + G21 − G12 G11 + G22 + G21 + G12
0 G11 − G11 − G21 + G12
]
≡
[
GR GK
0 GA
]
. (2.13)
????? Keldysh???????????
GRµν(t, t ′) = G11 − G12 = G21 − G22 = −iθ(t − t ′)〈[ψµ(t), ψ†ν (t ′)]∓〉, ?? Green??, (2.14)
GAµν(t, t ′) = G12 − G22 = G11 − G21 = iθ(t ′ − t)〈[ψµ(t), ψ†ν (t ′)]∓〉, ?? Green??, (2.15)
GKµν(t, t ′) = G11 + G22 = G12 + G21 = −i〈[ψµ(t), ψ†ν (t ′)]±〉, Keldysh Green?? (2.16)
????[·, ·]− ?????[·, ·]+ ?????????θ ??????????????????????
??????????????? Green?????? [? (2.7)–(2.10)]??????????? Keldysh
Green?????? [
G11 G12
G21 G22
]
= σzL†G˜L =
1
2
[
GK + GR + GA GK − GR + GA
GK + GR − GA GK − GR − GA
]
(2.17)
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?????????? Green????????????
GRµν(t, t ′)∗ = GAνµ(t ′, t), GXµν(t, t ′)∗ = −GXνµ(t ′, t) (X = <, >,K). (2.18)
???????H ?????H0 ????V ?????
H = H0 +V, H0 =
∑
ν
ενψ
†
νψν (2.19)
???????????????????????????V ??????????????????
??????????H0 ???????????
U0(t, t ′) =

TC1 exp
[
−i ∫ t
t′ dt¯H0(t¯)
]
(t > t ′)
TC2 exp
[
−i ∫ t
t′ dt¯H0(t¯)
]
(t < t ′)
(2.20)
????????U(t, t ′)??? U0(t, t ′)?????
i
∂
∂t
U(t, t ′) = H(t)U(t, t ′), i ∂
∂t
U0(t, t ′) = H0(t)U0(t, t ′) (2.21)
????????????
S(t, t ′) = U†0 (t, t ′)U(t, t ′) (2.22)
?????????????
i
∂
∂t
S(t, t ′) = −
[
−i ∂U
†
0 (t, t ′)
∂t
]
U(t, t ′) +U†0 (t, t ′) i
∂U(t, t ′)
∂t
= −U†0 (t, t ′)H0(t)U(t, t ′) +U†0 (t, t ′)H(t)U(t, t ′)
= U†0 (t, t ′)[H(t) − H0(t)]︸            ︷︷            ︸
V(t)
U0(t, t ′)U†0 (t, t ′)︸             ︷︷             ︸
1
U(t, t ′)
≡ VI(t)S(t, t ′) (2.23)
????VI(t) ≡ U†0 (t, t ′)V(t)U0(t, t ′)?????????????????S(t, t ′)?????
S(t, t ′) =

TC1 exp
[
−i ∫ t
t′ dt¯VI(t¯)
]
(t > t ′)
TC2 exp
[
−i ∫ t
t′ dt¯VI(t¯)
]
(t < t ′)
(2.24)
????? (2.3)??????????t ′ = −∞???????????? (2.1)?
〈O(t)〉 = 〈Ψ0 |U†(t,−∞)U0(t,−∞)U†0 (t,−∞)OU0(t,−∞)U†0 (t,−∞)U(t,−∞)|Ψ0〉
= 〈Ψ0 |S†(t,−∞)OI(t)S(t,−∞)|Ψ0〉
= 〈Ψ0 |S†(∞,−∞)S(∞, t)OI(t)S(t,−∞)|Ψ0〉(
= 〈Ψ0 |S†(t,−∞)OI(t)S†(∞, t)S(∞,−∞)|Ψ0〉
)
≡ 〈Ψ0 |TCSCOI(t)|Ψ0〉 (2.25)
????????? OI(t) ≡ U†0 (t,−∞)OU0(t,−∞)???????????????SC ? S??
SC = TC exp
[
−i
∫
C
dt¯VI(t¯)
]
(2.26)
20 ? 2? ??? Green???
???????? |Ψ0〉 ?????? Slater ??????????????????????????
Green??
Gµν(t, t ′) = −i〈TCSCψIµ(t)ψ†Iν(t ′)〉 (2.27)
???? S???VI ????????Wick??????????????*2?
????????? (2.19)??????????????? Green?????????
i∂tG11µν(t, t ′) = δαβδ(t − t ′) + εµG11µν(t, t ′) − i〈TC1 [ψµ,V](t)ψ†ν (t ′)〉, (2.28)
i∂tG12µν(t, t ′) = εµG12µν(t, t ′) − iζ 〈ψ†β(t ′)[ψµ,V](t)〉, (2.29)
i∂tG21µν(t, t ′) = εµG21µν(t, t ′) − i〈[ψµ,V](t)ψ†β(t ′)〉, (2.30)
i∂tG22µν(t, t ′) = −δαβδ(t − t ′) + εµG22µν(t, t ′) − i〈TC2 [ψµ,V](t)ψ†ν (t ′)〉 (2.31)
??????? ∂t = ∂/∂t ?????? inverse Green?????????? Σµν(t, t ′)?????
G−1µν (t, t ′) = δµνδC(t, t ′)(i∂t − εν), [Σ ◦ G]µν(t, t ′) = −i〈TC[ψµ,V](t)ψ†ν (t ′)〉 (2.32)
??????????? δC ? Schwinger–Keldysh ?????????????????? f (t) ??
?? ∫
C
dt¯ δC(t, t¯) f (t¯) =
∫
C
dt¯ f (t¯)δC(t¯, t) = f (t) (2.33)
????????? ◦? two-time?? A(t, t ′), B(t, t ′)????
[A ◦ B]µν(t, t ′) =
∑
λ
∫
C
dt¯ Aµλ(t, t¯)Bλν(t¯, t ′) (2.34)
??????????????????????
[Aˆ ◦ Bˆ]µν(t, t ′) =
∑
λ
∫ ∞
−∞
dt¯ Aˆµλ(t, t¯)σz Bˆλν(t¯, t ′), (2.35)
[A˜ ◦ B˜]µν(t, t ′) =
∑
λ
∫ ∞
−∞
dt¯ Lσz Aˆµλ(t, t¯) L†L︸︷︷︸
1
σz Bˆλν(t¯, t ′)L† =
∑
λ
∫ ∞
−∞
dt¯ A˜µλ(t, t¯)B˜λν(t¯, t ′) (2.36)
????? (2.35) ???? Pauli ?? σz ??? C2 ???????????????????????
??????
[(G−1 − Σ) ◦ G]µν(t, t ′) = δµνδC(t, t ′), (2.37)
[(Gˆ−1 − Σˆ) ◦ Gˆ]µν(t, t ′) = δµνσzδ(t − t ′), (2.38)
[(G˜−1 − Σ˜) ◦ G˜]µν(t, t ′) = δµνδ(t − t ′) (2.39)
???????????? inverse Green?? G−1 ≡ G−1 − Σ ??????[
GR GK
0 GA
]−1
=
[GR GK
0 GA
]−1
−
[
ΣR ΣK
0 ΣA
]
(2.40)
*2 ???????? |Ψ0 〉 ????? ρ0 = |Ψ0 〉 〈Ψ0 | ????? pν ???? ρ0 =∏ν [(∑nν |nν 〉pnνν 〈nν |)/(∑nν pnνν )]??
??????Wick?????????????? [186]???? ψ†ν ???? ν ???????????????????
???? |nν 〉 ≡ (ψ†ν )nν |0〉/
√
nν !????
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???????????? Green?? Gµν(t, t ′) = −i〈TCψIµ(t)ψ†Iν(t ′)〉 ????????????
GRµν(t, t ′) = −iδµνθ(tr)e−iεν tr, (2.41)
GKµν(t, t ′) = −iδµν(1 + 2ζnν(ta))e−iεν tr . (2.42)
??? ta = (t + t ′)/2, tr = t − t ′, nν(t) = 〈ψ†ν (t)ψν(t)〉 ??????
2.2 Floquet Green??
??????????? T ≡ 2pi/Ω??????????????????????Green???
GX (t + T, t ′ + T) = GX (t, t ′) (X = R,A,K) (2.43)
????????????????????Green??? Floquet???Floquet Green???????
??????
GXmn(ω) =
∫ T
0
dta
T
∫ ∞
−∞
dtr ei(ω+mΩ)t−i(ω+nΩ)t
′
GX (t, t ′), (2.44)
GX (t, t ′) =
∑
n
∫ ∞
−∞
dω
2pi
e−inΩtae−i(ω+(n/2)Ω)trGXn0(ω). (2.45)
??? ta = (t + t ′)/2, tr = t − t ′ ?????? m, n ????????? (2.44) ??? (2.45) ????
two-time????????????????? (2.44)??
Gmn(ω) = Gm+l,n+l(ω − lΩ) (2.46)
??????????two-time?????????? Floquet?????????????????∫ ∞
−∞
dt¯ A(t, t¯)B(t¯, t ′) ⇔
∑
l
Aml(ω)Bln(ω) = (AB)mn(ω). (2.47)
?????????????????????? Dyson??? (2.40)???????????????
??? Green???????
GR,−1mn (ω) = GR,−1mn (ω) − ΣRmn(ω), (2.48)
Keldysh Green???????*3
GK,−1mn (ω) ≡ −(GR,−1GKGA,−1)mn(ω) = −(GR,−1GKGA,−1)mn(ω)︸                          ︷︷                          ︸
GK,−1mn (ω)
− ΣKmn(ω), (2.49)
????
GKmn(ω) = −[GR(GK,−1 − ΣK)GA]mn(ω) (2.50)
????? (2.18)?
(GRµν)mn(ω)∗ = (GAνµ)nm(ω), (GXµν)mn(ω)∗ = −(GXνµ)nm(ω) (X = <, >,K) (2.51)
*3 ??????????????????
[
A B
0 D
]−1
=
[
A−1 −A−1BD−1
0 D−1
]
???????
22 ? 2? ??? Green???
?????? Green????? Green????????????????????????two-time?
?? Floquet?????????????????
A(t, t ′) = δ(t − t ′)B(t, t ′) ⇔ Amn(ω) =
∫ ∞
−∞
dω¯
2pi
Bmn(ω¯ − nΩ), (2.52)
A(t, t ′) = B(t, t ′)C(t ′, t) ⇔ Amn(ω) =
∑
l
∫ ∞
−∞
dω¯
2pi
Bm,n+l(ω + ω¯)Cl0(ω¯). (2.53)
Two-time?? A(t, t ′)????? tr = t − t ′ ???? Fourier??????????
A(ω, ta) =
∫ ∞
−∞
dtr eiωtrA(t, t ′) =
∑
n
e−inΩtaAn0
(
ω − nΩ
2
)
(2.54)
? A?Wigner????????? ta = (t + t ′)/2????????????????????????
T = 2pi/Ω?????????Floquet??????
A(ω) ≡
∫ T
0
dta
T
A(ω, ta) = A00(ω) = Ann(ω − nΩ) (2.55)
??????
2.3 ????????????
?????????????????????????????????????????????
?????????????? [48, 107, 194, 197]???????????? S?? [? (2.26)]???
????????
???????????????
H0 =
∑
k
εkc
†
k
ck +
∑
p
εpb†pbp, V =
∑
kp
[
Vkpc
†
k
bp + Vpkb†pck
]
(2.56)
????c†
k
, b†p ??????????? k???????????? p???????????????
Green???
Gk(t, t ′) = −i〈TCck(t)c†k(t ′)〉, Gk(t, t ′) = −i〈TCcIk(t)c†Ik(t ′)〉 ≡ −i〈TCck(t)c†k(t ′)〉0, (2.57)
Dp(t, t ′) = −i〈TCbp(t)b†p(t ′)〉, Dp(t, t ′) = −i〈TCbIp(t)b†Ip(t ′)〉 ≡ −i〈TCbp(t)b†p(t ′)〉0 (2.58)
????????? Green?? D ?? (2.41)??? (2.42)??????????
DRp (t, t ′) = −iθ(t − t ′)e−iεp (t−t
′), DKp (t, t ′) = −i(1 − 2 f (εp))e−iεp (t−t
′) (2.59)
????????? f (ω) = 1/(eβω + 1)???? β ? Fermi–Dirac???????????? Floquet
????η ??????????
(DRp )mn(ω) =
δmn
ω + nΩ − εp + iη, (D
K
p )mn(ω) = −2piiδmn(1 − 2 f (ω + nΩ))δ(ω + nΩ − εp) (2.60)
????
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S?????????????????????????????
(−i)2
2!
∫
C
dt¯1dt¯2 TCV(t¯1)V(t¯2)
=
(−i)2
2!
∫
C
dt¯1dt¯2
× TC
∑
k1k2
p1p2
[
Vk1p1c
†
k1
(t¯+1 )bp1 (t¯1) + Vp1k1b†p1 (t¯+1 )ck1 (t¯1)
] [
Vk2p2c
†
k2
(t¯+2 )bp2 (t¯2) + Vp2k2b†p2 (t¯+2 )ck2 (t¯2)
]
→ (−i)2
∫
C
dt¯1dt¯2 TC
∑
k1k2
p1p2
Vk1p1Vp2k2c
†
k1
(t¯+1 )bp1 (t¯1)b†p2 (t¯+2 )ck2 (t¯2) (2.61)
??????Green??????????
G(2)
k
(t, t ′) = (−i) × (−i)2
∫
C
dt¯1dt¯2
∑
k1k2
p1p2
Vk1p1Vp2k2 〈TCc†k1 (t¯
+
1 )bp1 (t¯1)b†p2 (t¯+2 )ck2 (t¯2)ck(t)c†k(t ′)〉0
= (−i) × (−i)2 × (−1)4 × i3
∫
C
dt¯1dt¯2
∑
k1k2
p1p2
Vk1p1Vp2k2δkk1δp1p2δk2kGk(t, t¯+1 )Dp1 (t¯1, t¯+2 )Gk(t¯2, t ′)
=
∫
C
dt¯1dt¯2
∑
p
VkpVpkGk(t, t¯1)Dp(t¯1, t¯2)Gk(t¯2, t ′) (2.62)
?????????????????????????????? 4???????? 2?? b? c ?
?????????????????????????
????????????V ????????????????Green???? 2n?????
G(2n)
k
(t, t ′)
= −i (−i)
2n
(2n)!
∫
C
dt¯1 · · · dt¯2n
∑
{k }{p}
〈TC
2n∏
j=1
[Vk j p j c†k j (t¯
+
j )bki (t¯j) + Vp j k j b†k j (t¯
+
j )ck j (t¯j))ck1 (t¯2n)]ck(t)c†k(t ′)〉 (2.63)
?????????????????? 2n???????? {t¯j} ?????????????? (2n)!
???????????????? t ′ → t¯2n → · · · → t¯1 → t ???????????????????
?????????????????????????????? (t¯i, t¯j) (i < j)??????? c(t¯i)?
c†(t¯j)???????????????? b(t¯i)? b†(t¯j)?????????????????????
???????????????????
G(2n)
k
(t, t ′)
= −i × (−i)
2n
(2n)! × (2n)! × i
2n+1
∫
C
dt¯1 · · · dt¯2n
∑
{k }{p}
Gkk1 (t, t¯1)Vk1p1Dp1p2 (t¯1, t¯2)Vp2k2Gk2k3 (t¯2, t¯3) × · · ·
× Gk2n−2k2n−1 (t¯2n−2, t¯2n−1)Vk2n−1p2n−1Dp2n−1p2n (t¯2n−1, t¯2n)Vp2nk2nGk2nk(t¯2n, t ′)
=
∫
C
dt¯1 · · · dt¯2n Gk(t, t¯1)|Vkp |2Dp(t¯1, t¯2)Gk(t¯2, t¯3) · · · Gk(t¯2n−2, t¯2n−1)|Vkp |2Dp(t¯2n−1, t¯2n)Gk(t¯2n, t ′) (2.64)
??????????????????
Σk(t, t ′) =
∑
p
|Vkp |2Dp(t, t ′) (2.65)
24 ? 2? ??? Green???
?????????????????? (2.60)??????????? Floquet???Floquet????
??????????????
(ΣRk )mn(ω) = δmn
∑
p
|Vkp |2
ω + nΩ − εp + iη, (2.66)
(ΣKk )mn(ω) = −2iδmn(1 − 2 f (ω + nΩ))Γk(ω + nΩ). (2.67)
??? Γk(ω) ≡ ∑p |Vkp |2piδ(ω − εp)??????????????????????????????
Vkp ? k ?????????? (Vkp = Vp)*4???????????????????????????
????????????????????????? ω ??????????? (Γk(ω) = Γ)???
????????????
(ΣRk )mn(ω) = −iδmnΓ,
(ΣKk )mn(ω) = 2iδmn(1 − 2 f (ω + nΩ))Γ (2.68)
???????????
2.4 ???????
????????????????????????????????????????? [198]??
???? Green?????????????????????????
??????
Oα(t) =
∑
µν
Oαµν(t)ψ†µψν (2.69)
???? 〈Oα(t)〉 ??????? f α(t)?????????????? ψ†ν ???? ν ????????
??????? α????? (x, y, z)?????? (q)??????????????????????
???????????
Vext(t) = −
∑
µν
Fµν(t)ψ†µψν . (2.70)
Fµν(t)??? f α(t)??????????????????
χαβ(t, t ′) = δ〈O
α(t)〉
δ f β(t ′) , (2.71)
???
〈Oα(t)〉 =
∑
β
∫ ∞
−∞
dt¯ χαβ(t, t¯) f β(t¯) (2.72)
???????????? 〈Oα(t)〉 ? lesser Green?? G<µν(t, t ′) = i〈ψ†ν (t ′)ψµ(t)〉 ????
〈Oα(t)〉 = −i
∑
µν
Oαµν(t)G<νµ(t, t) (2.73)
*4 ??? k ????????????????????????????????Büttiker??????? [48]?
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?????????? (2.71)?
χαβ(t, t ′) = χdiaαβ(t, t ′) + χpmαβ (t, t ′), (2.74)
χdiaαβ(t, t ′) = −i
∑
µν
δOαµν(t)
δ f β(t ′)G
<
νµ(t, t), (2.75)
χ
pm
αβ (t, t ′) = −i
∑
µν
Oαµν(t)
δG<νµ(t, t)
δ f β(t ′) (2.76)
??????????????? χdia, χpm ???????????????????????????
?????
χpm ??????????????? (2.19)???????????Green???
G−1µν(t, t ′) = G−1µν (t, t ′) + δC(t, t ′)Fµν(t) − Σµν(t, t ′), (2.77)
G−1µν (t, t ′) = δµνδC(t, t ′)(i∂t − εν) (2.78)
??????????? (2.37)?????? f ???????????δG−1 ◦ G + G−1 ◦ δG = 0??
δGνµ(t, t)
δ f β(t ′) = −
∑
κλ
∫
C
dt¯1dt¯2Gνκ(t, t¯1)
[
δG−1κλ (t¯1, t¯2)
δ f β(t ′) +
δ(δC(t¯1, t¯2)Fκλ(t¯1))
δ f β(t ′) −
δΣκλ(t¯1, t¯2)
δ f β(t ′)
]
Gλµ(t¯2, t)
= −
∑
κλ
∫
C
dt¯ Gνκ(t, t¯)δFκλ(t¯)
δ f β(t ′)Gλµ(t¯, t) (2.79)
?????????????? δΣ/δ f ????????????????????? [48, 197–201]?
???????????????δG</δ f ?
δG<νµ(t, t)
δ f β(t ′) = −
∑
κλ
∫ ∞
−∞
dt¯
[
G11νκ(t, t¯)
δFκλ(t¯)
δ f β(t ′)G
12
λµ(t¯, t) − G12νκ(t, t¯)
δFκλ(t¯)
δ f β(t ′)G
22
λµ(t¯, t)
]
= −
∑
κλ
∫ ∞
−∞
dt¯
[
GRνκ(t, t¯)
δFκλ(t¯)
δ f β(t ′)G
<
λµ(t¯, t) + G<νκ(t, t¯)
δFκλ(t¯)
δ f β(t ′)G
A
λµ(t¯, t)
]
(2.80)
????????????? (2.18)?????????????????? Oαµν ??? Fµν ?????
??????????????????? F (t¯)??? t ′ = t¯ ??? f β(t ′)?????????????
δFκλ(t¯)
δ f β(t ′) = δ(t − t
′)Vβκλ, Vβκλ ≡
∂Fκλ(t ′)
∂ f β(t ′) (2.81)
??????????χpm ?
χ
pm
αβ (t, t ′) = i Tr
[
Oα(t)GR(t, t ′)Vβ(t ′)G<(t ′, t) +Oα(t)G<(t, t ′)Vβ(t ′)GA(t ′, t)] (2.82)
?????????? Tr?????????????????? Oαµν(t)∗ = Qανµ(t)?? Vαµν(t)∗ = Vανµ(t)
?????????? (2.18)??
χ
pm
αβ (t, t ′) = −2 ImTr
[
Oα(t)GR(t, t ′)Vβ(t ′)G<(t ′, t)] (2.83)
????
?????? 3?????????? [? (3.29)–(3.32)]?? 6?????????????????
?? [? (6.41)]????????
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? 3?
?????????
?????????????
?????????????????????????????????????????????
??????????????????????????????????????????????
??????????????????????????????????????????????
??????????????????????????????????????????????
????
3.1 ????
?????????????????????????????????????????????
??????????
H = Hkin +HHund =
∑
〈i j 〉s
hi jc
†
iscjs −
J
S
∑
iss′
Si · σi (3.1)
?????????? c†is ???? s (= ↑, ↓) ??????? i ??????????????σi =∑
ss′ σss′c
†
iscis′ ???? i ??????????????????? σ = (σx, σy, σz)? Pauli????
??Si ????????????????? (Hkin)???????????????????? i ??
?? j ?????????? hi j ?????????? (HHund) ???????? σi ?????? Si
??? Hund??????????????????? S = 1???????????????????
??? N????? Ne?????? ne = Ne/N ????x-y???????????????x????
??????y ?????????????*1??????????????????? (hi j = −h < 0)
??????????????ne = 0.5?? J/S ≳ 4h??????????????????????
??????
??????????????????????????????????? Peierls ?????
hi j → hi jeieA(t)(ri−r j )/ℏ ????????????? A(t)??? t ????????????????
??ri ???? i ??????????????????????????
A(t) = (F0/Ω)θ(t) sin(Ωt), F0 = (F0, F0) (3.2)
*1 ???????????????????????????????????????????????????????
????????? [156, 165, 202]?
28 ? 3? ??????????????????????
????????? F0 ??????Ω??????????? θ ?????????????????
??????????? h?????? e (< 0)????? a?Dirac?? ℏ? 1??????????
????????????????????????????? h = 0.5 eV????????????
ℏ/h = 1.32 fs???????????? SI?????????? 1.1??????
3.2 ????
3.2.1 ?????????
???
?????? [163, 164]??????????????????????????????????
H =
∑
i j
hi j[ϕ]c†i cj (3.3)
??????????????? c†i (ci)??????????????????? i, j ???????
?????? hi j[ϕ]?????? ϕ ????????????? t ????????????? Slater
????????????
|Ψ(t)〉 =
Ne∏
ν=1
ψ†ν (t)|0〉 (3.4)
???????????? ψ†ν (t)???? ν ?????????????Ne ????????????
|0〉 ????????????? t ??????? (ϕ = ϕ(t))??????????? hi j(t) = hi j[ϕ(t)]
????????????????????
??????? [? (3.3)]?????? hi j ??????
H(t) =
∑
i j
hi j(t)c†i cj =
∑
ν
ενφ
†
ν(t)φν(t) (3.5)
??????? φ†ν(t) ???? ν ??????????????? hi j(t) ???????????
Schrödinger?????????????????????????? Ndim ??????????? N
????????????????????????????????? (Ndim ∼ exp(N))??????
????????????????????? Slater??? [? (3.4)]????????? ψ†ν (t)???
? t ????????????????? φ†ν(t)???????????????
ψ†ν (t) =
Ndim∑
µ=1
φ†µ(t)uµν(t), uµν(t) = 〈0|φµ(t)ψ†ν (t)|0〉. (3.6)
?????? uµν(t)???????? uµν(0) = δµν ??????????????????? [t, t + δt]
??????????? ϕ = ϕ(t)?????????????? t + δt ?????????? u(t + δt)
??u(t)????
uµν(t + δt) = 〈0|φµ(t + δt)ψ†ν (t + δt)|0〉
= 〈0|φµ(t + δt)eiH(t)δtψ†ν (t)e−iH(t)δt |0〉
=
∑
λ
〈0|φµ(t + δt)eiH(t)δtφ†λ(t)e−iH(t)δt |0〉uλν(t)
=
∑
λ
〈0|φµ(t + δt)φ†λ(t)|0〉eiελ(t)δtuλν(t) (3.7)
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????????????? |Ψ(t)〉 ???????????????????
?? |Ψ(t)〉 ???????????
Oˆ(t) =
∑
µν
Oµν(t)ψ†µ(t)ψν(t) (3.8)
???? 〈Oˆ(t)〉 ≡ 〈Ψ(t)|Oˆ(t)|Ψ(t)〉 ??????????
〈Oˆ(t)〉 =
Ndim∑
αβ
Oαβ(t)〈0|

Ne∏
µ=1
ψµ(t)
ψ†α(t)ψβ(t)
[
Ne∏
ν=1
ψ†ν (t)
]
|0〉 =
Ne∑
α=1
Oαα(t). (3.9)
?????????? ψ†ν (t)|0〉 = ∑µ φ†µ |0〉uµν(t) ????????????? 〈Oˆ(t)〉 = ∑ν Oνν(t) =∑
ν 〈0|ψν(t)Oˆ(t)ψ†ν (t)|0〉 ???????????-?????? O(N3dim)???????-????*2? Ne
??????-????????????????????? O(N2dim)????????
?????? [? (3.1)]????
??????????????? ne < 1?????????????????? Slater??????
|Ψ(t)〉 =
Ne∏
ν=1
ψ†ν (t)|0〉 (3.10)
????????? ψ†ν ????? ν ?????????????|0〉 ???????????????
???????????? t ????????????
H(t) =
∑
i jss
his, js′(t)c†iscjs′ =
∑
ν
ενφ
†
ν(t)φν(t) (3.11)
????????2N ??????? his, js′ ??????????????????? εν ??????
???????? φ†ν (φν)??????????????????? ψ† ? φ† ??????? [? (3.6)]
???????????????????? [t, t + δt]??????????????? {Si(t)}????
???????????????????????? (3.7)?????????????????? (3.9)
?????????
???????????? LLG???
∂Si
∂t
= heffi × Si + αSi ×
∂Si
∂t
(3.12)
??????????? heffi ???? Si ?????????????
heffi = −
〈
∂H
∂Si
〉
=
J〈σi〉
S
(3.13)
????????????????? δt ???? heffi ???????????LLG????????
????????????? heffi ??????? z ?????????????????? φ˜i(t)???
?? θ˜i(t) = cos−1[Si · heffi /(S‖heffi ‖)]????
δφ˜i ≡ φ˜i(t + δt) − φ˜i(t) =
‖heffi ‖δt
1 + S2α2
, θ˜i(t + δt) = 2 tan−1
[
tan(θ˜i(t)/2) exp(−Sαδφ˜i)
]
(3.14)
*2 ????????????????????????????????????????? i, j ????????????
??? 〈0 |ciOˆc†j |0〉 ????????????? 〈0 |c jψ†ν |0〉 =
∑
µ 〈0 |c jφ†µ |0〉uµν ???????????
30 ? 3? ??????????????????????
???*3???????????????????????????? θi, φi ??????θ˜i, φ˜i ???
????????????? Rodrigues???????????????????????????? v
??????? n?????? ϕ??????????????? v˜ ?
v˜ = v cos ϕ + (n × v) sin ϕ + n(n · v)(1 − cos ϕ) (3.15)
???????????????
n =
heffi
‖heffi ‖
≡ (sinΘi cosΦi, sinΘi sinΦi, cosΘi), (3.16)
v = (sin θi cos φi, sin θi sin φi, cos θi) (3.17)
???????? Si ? heffi (t)?????? ϕ = φ˜i(t + δt) − φ˜i(t)?????????????????
??? S˜i ?? n⊥ = n × S˜i/‖n × S˜i ‖ ????????? S˜i ? n⊥ ??????? ϕ = θ˜i(t + δt) − θ˜0i
?????????? Si(t + δt)??????
3.2.2 ?????
? 2 ?? 2.4 ???????? (2.75) ??? (2.82) ?????????????????????
ta = t, tr = t − t ′ ???????? Green????? lesser Green???
GRν (ta, tr) =
∫ ∞
−∞
dω
2pi
e−iωtr
ω + iη − εν(ta) = −iθ(tr)e
−iεν (ta)tr, (3.18)
G<ν (ta, tr) =
∫ ∞
−∞
dω
2pi
e−iωtr × 2piiδ(ω − εν(ta))nν(ta) = inν(ta)e−iεν (ta)tr (3.19)
????????? nν(ta) = 〈φ†ν(ta)φν(ta)〉 ?????????? Green???
GXks,k′s′(ta, tr) ≈
∑
ν
〈ks |ν(ta)〉GXν (ta, tr)〈ν(ta)|k′s′〉 (3.20)
?????????????? σ ??? F ???????? j ???????
〈 jα(t)〉 =
∑
β
∫ ∞
−∞
dt¯ σαβ(t, t¯)Fβ(t¯) (3.21)
????????????????????????????????A?????????????
????
〈 jα(t)〉 =
∑
β
∫ ∞
−∞
dt¯ χαβ(t, t¯)Aβ(t¯) (3.22)
???????? χ ?????????????????????????????????????
?????????????????
σαβ(t, t ′) = −
∫ ∞
t′
dt¯ χαβ(t, t¯) (3.23)
*3 ??? θ˜i (t)??????????? θ˜i (t + δt) ≈ θ˜i (t) exp(−δt/τ)????τ ≡ (1 + S2α2)/(Sα ‖heffi ‖)????????
??????????
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?????????????????????????????????
jα(t) = 1
N
∑
ks
vαk−A(t),sc
†
ks
cks, (3.24)
Vext(t) =
∑
ks
(εk−A(t),s − εks)c†kscks (3.25)
????????? (2.69)??? (2.70)?????? Oαµν(t), Fµν(t)?
Oαks,k′s′(t) = δkk′δss′vαk−A(t),s/N, (3.26)
Fks,k′s′(t) = −δkk′δss′(εk−A(t),s − εks) (3.27)
?????????? εks ??????????????????????? [? (3.1)]? Fourier??
??
εks = −2(cos kx + cos k y) − J sgn(s) (3.28)
???????????????????????????vks ≡ ∂kεk ?????????? (3.26)?
?? (3.27)???????????????????
χdiaαβ(ta, tr) = −δ(tr)
1
N
∑
ks
∂2εk−A(ta),s
∂kα∂kβ
ImG<ks,ks(ta, tr = 0), (3.29)
χ
pm
αβ (ta, tr) = −
2
N
ImTr
[
vα(ta)GR(ta, tr)vβ(ta − tr)G<(ta,−tr)
]
(3.30)
??????????? k??? s?????????????
σαβ(ω, ta) =
∫ ∞
−∞
dtr ei(ω+iη)trσαβ(ta, tr), (3.31)
σαβ(ta, tr) = −
∫ ∞
t′
dt¯ χαβ(ta = t, t¯r = t − t¯) = −
∫ tr
−∞
dt¯r χαβ(ta, t¯r)
=
1
N
∑
ks
θ(tr)
∂2εk−A(ta)
∂kα∂kβ
ImG<ks,ks(ta, tr = 0)
+ 2
∫ tr
−∞
dt¯r ImTr
[
vα(ta)GR(ta, t¯r)vβ(ta − t¯r)G<(ta,−t¯r)
]
(3.32)
?????????
3.3 ??
3.3.1 ????
??????? J = 4, ne = 0.5???????????????????????????????
???????????????? Hund???????????????????????????
??????????????????????????????????????????????
2J = 8 ????????? ne = 0.5 ?????????????????????????????
??????????????????????????????????????????????
????????????????????????????? heffi ???????????????
??????????????????????z????????????????????????
32 ? 3? ??????????????????????
????????????????????????????? [0, δθ]??????????????
??????? δθ = 0.1 rad?????????????? 0.001h = 10 K????????????
??????*4?
3.3.2 ?????????
?????????????????????????????????????Gilbert?????
???? α = 1??????????? δt = 0.001????
??????? F0 = 2????? Ω = 1?????????????????????? εν ????
???? nν = 〈φ†νφν〉??????????? S(q)?? 3.1????????????
S(q) = 1
S2N2
∑
i j
eiq(ri−r j )Si · Sj (3.33)
???????????? ∑q S(q) = 1?????
? 3.1(c) ???????????????????????????????????????
(S(pi, pi) ≈ 0.9)??????????????????????????? 5?????????(i)?
???????? (t < 0)?(ii)????? (0 < t ≲ 30)?(iii)???????? (30 ≲ t ≲ 60)?(iv)??
??????? (60 ≲ t ≲ 150)?(v)???????? (t ≳ 150)?
(i)????????? (t < 0) ????? ne = 0.5????????????? 3.1(b)???????
?????????????????????????????????????? t = 0??????
8???????????????????? εν = −4? εν = 4????????εν < −4?????
??????????????????????????????? S(0, 0) ≈ 1??????????
??????????????
(ii)????? (0 < t ≲ 30) ??????? 〈Hkin〉 ???? 2Ω?????????????????
??????????????????????????????????????????? 3.1(b)
??????????????????????????????????????????????
???????????????????????????
(iii)???????? (30 ≲ t ≲ 60) ????????????????? S(0, 0)?????????
???????????????????????????????????????W ?W = 8??
W = 5???????????????????????????????????????????
?????????????????????????????????????????? S(q)??
??????????? 3.1(d)(e)?????? q/pi = (±0.75,∓0.75)????????*5??????
?????????????? 3.1(f)??????? F0 = (2
√
2, 0)????? q = (pi, 0)??????
*4 ?????????????????????????????????????????????????????
???????????????????????????????? δθ ????????????????? Hund
???????????????????????????????? Zeeman ?????????????????
? θ ??? −(J/S)〈σi 〉 · Si = −J ‖ 〈σi 〉 ‖ cos θ ≡ −B cos θ ???????? θ ? [0, δθ] ????????????
?????????????????????????? E1 = −B cos(δθ/2) ??????????????????
??? Z =
∫ 1
−1 d(cos θ) eβB cos θ = 2 sinh(βB)/(βB) ???????????? E2 = −∂ ln Z/∂β = −B coth(βB) + β−1
???????????????????????????? β−1 ????????????????? S = 1, ne =
0.5, J = 4h, δθ = 0.1??? B = −J ‖ 〈σi 〉 ‖S = −Jne = −2.0h ??????? β−1/h = 0.0025 ∼ 10−3 ????????
? [163, 164]???????????????
*5 ????????????? [? 3.5]????????????(±0.75pi, ∓0.75pi) = (±pi ∓ 2pi/8, ∓pi ± 2pi/8)??????
??????? N →∞?? (pi, pi)???????????
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? 3.1 ??????????????????Hund??????? J = 4??????? ne = 0.5?
????????? F0 = 2,Ω = 1 ????xˆ, yˆ ????? x, y ???????????????
??? (a)–(e) F0 ‖ xˆ + yˆ ??? (f) F0 ‖ xˆ ????(a) ???????Hund ??????????
???????????????????????????????????(b) ????????
???????????(c) ?? q = (0, 0) ??? (pi, pi) ????????????(d)–(f) ????
(t = 50, 70)????????????
?????????????????? tF ???????? S(0, 0) = 0.5????? t ????????
(iv)????????? (60 ≲ t ≲ 150) ???????????? q = (pi, pi)????? S(pi, pi)???
???????????????????????????? tAF ????S(pi, pi) = 0.5????? t ?
????????? tF ???? tAF ??????????????????????????????
??????????W ∼ 3????????
(v)???????? (t ≳ 150) ????????????????????????????????
????????? 2J ???????????? (ne = 1)????????? Slater????????
????????????????????????? 〈nν〉 = ne ?????????W ∼ 2????
??????????????????????????????????
???????????????W??????????? Nuppere /N???????? S(q)?? 3.2
????????? Ω = 1??????????????????????????????????
???????????????????????????????????????? 3.2(c)???
?????????????????????? F0 ????????????????? S(0, 0)??
?????????W ????????????????????????????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
?? [164]?? Auger????????????????????????????????????
34 ? 3? ??????????????????????
? 3.2 ???? F0 = 1.4–2 ???? (a) ????????(b) ????????????(c) ??
?????????(d) ?????????????????????????? Ω = 1?(a)(c)(d)
????????? F0 = 1.55 ?????? tF ??? tAF ????(e) ????????????
?????? tF ????????????? F0/Ω ?????????????????????
(F0/Ω − c)γ ?????????????(f)?? t = 400–500?????????????????
???????????????????????? Bessel?? J0(F0/Ω)????
???????????? S(pi, pi)??????????????????????? S(0, 0)?????
??????????????????????????????????????????????
??????? 4??????????????????????????????????????
??????????????????????????????????????????????
???????????
??????????????????????????????????????????? tF
??????????????? 3.2(e)? tF ??????????????????????????
F0/Ω ???????????????????????? Ω????? α ???????????
? δθ ?????? (α, δθ) ???? tF ? F0/Ω ????????????????????????
(F0/Ω − c)γ ???????????????????????? γ ≈ 1????c ? 1.1–1.3????
?????????? c ???????????????????????????????????
????
???????????????? (ii) ??????????????????????????
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? 3.3 (a) ???? (t = 0) ???????????????????????????????
(b)???????? (t = 300)????????????????(c)(d)????????????
??????????????????????????(c) ?? ne = 0.5?(d) ?? J = 8????
?????????????????????????????????????????????
???????
? 3.2(f)??????????????????????????
K =
∫ Tmax
Tmax−∆T
dt
∆T
〈Hkin〉. (3.34)
???? Tmax = 500, ∆T = 100????K0 ???????????????????????????
??????????????????????F0/Ω???????????????? K/K0 ???
??????????? Bessel?? J0(F0/Ω)??????????? [143–146]?????????
?????????????????????????? J0(F0/Ω)????????????????
???????F0/Ω ≳ 1.25????? Bessel?????????????????????????
???????????????????????
???????????????????????????? 3.3(a), 3.3(b) ??????????
????????????????????? (t = 300) ????????????????????
????????????????????????????????????? (a) ???????
(ne = 0.5)? (b)???????? (ne = 1)???????????????????????????
??????????????????????????Fermi–Dirac ??????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
36 ? 3? ??????????????????????
? 3.4 ???? α = 0.1–2???? (a)????
????(b)???????????(c)?????
??????????????????????
?? N = 8× 8?Hund??? J = 4???????
ne = 0.5?????? F0 = 2?????Ω = 1??
???????????? δθ = 0.1??????
? 3.5 ???? N = 8 × 8, 12 × 12, 16 × 16 ?
????????? (a) ????????(b) ?
??????????(c) ??????????
???????(c) ??????? S(pi, pi) ??
??(d)(e)??????????????? S(q)?
(d) N = 12×12, t = 200?(e) N = 16×16, t = 500?
????????? 3.4???????
??????????????????????????????????????????????
??????????????????????????????????????
EX =
∫ 0
−∞
dε εDX (ε)ne (X = F,AF). (3.35)
??? DX (ε)????????????????????????????????????????
?????????????????????????????????????????? (EAF − EF)
? Hund ?? J ?????? ne ??????? 3.3(c), 3.3(d) ????????????????
(EAF − EF) < 0???????????????????????????????????????
??????????????????????????????????????????????
????????????????????????????????????????? 2J ????
????????????????????????????????????????? 2J ????
??????????????????????????????????????????????
????????????????????
????????? Gilbert???? α????????????? 3.4?????????????
?? J = 4, ne = 0.5, δθ = 0.1, F0 = 2, Ω = 1??????Gilbert????????????????
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??????????????????????????????????????????????
????????? tF ????????????????????? S(pi, pi)????? α ?????
????????????????S(0, 0)???????????????????????????
????
???????? N ????? 3.5????????? S(0, 0)???????? N ???????
?????? W ? W ∼ 3 ??????????????????????????????????
S(pi, pi)????????????? 3.5(c)??????????? S(pi, pi)????N ???????
?? S(pi, pi)???????????????????????????? S(q)??????????
???? 3.5(d), 3.5(e)????q = (pi, pi)????????????????? S(q)????????
????????????????????
S˜(pi, pi) = S(pi, pi) + 2S(pi − ∆q, pi) + 2S(pi, pi − ∆q) + 2S(pi − ∆q, pi − ∆q) (∆q ≡ 2pi/L) (3.36)
?????? 3.5(c)???????????? S˜(pi, pi)????????? N ???????????
S(0, 0)??????????????? t ∼ 300?????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????? 4?????
????????
???? N = 16 × 16??????????????????????? 3.6? F0 = 2, Ω = 1??
???????????????????????????????????Drude????????
??????????????????????????????????????????????
??? 3.1?????????? Hund??????? J = 4??????? ne = 0.5?Gilbert????
? α = 1????????? δt = 0.005????? 3.1?????????????????????
????????????????? (ii)?????????? 0 < t ≲ 30????????????
??? Drude????????????? 2Ω?????????????????????????
??? Drude??????????S(0, 0)????????? 0?????????????????
??????????????????????????????????????????????
????????????????????? ω = 2J ?????????????????? t = 900
?? t = 1000?????????????????? 3.6????????????????????
????????? ω = 2J ?????? ω = 2J ± nΩ (n = 1, 2, 3)????????????????
???????????? Ω????????? Floquet????????????????????
?????????????????
38 ? 3? ??????????????????????
? 3.6 (a)–(d)???? N = 16 × 16???????????????????(a)????????
????(b)????????(c) Drude???(d)??????(e)?? t = 900–1000???????
???????????????????????????????? F0/Ω = 2????????
????? 3.1???????
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???????????????????????? (1) ???????????????????
(2)?????????????????????????????????????????????
??? 3.7(a)(c), 3.7(b)(d)??????????? (1)???????????????
A(t) = A1θ(t), E(t) = −A1δ(t) (3.37)
??????(2)????
A(t) = A1θ(t) +A0 sin[Ω(t − t0)]θ(t − t0), E(t) = −A1θ(t) − F0 cos[Ω(t − t0)]θ(t − t0) (3.38)
???????A0 = F0/Ω??????????????????????????????????
?? δk =
∫
dtE(t)???????? [150]?????A1 = (pi, pi)????????????????
????? δk = (pi, pi)??????????????????????????? 3.7(a)(c)?????
t ∼ 50 ???????????????????????????????? S(pi, pi) ???????
????????? 3.7(b)(d)? A1 = (pi, pi), F0 = (0.3, 0.3), Ω = 1, t0 = 50, α = 0.1????????
????????????????????????????????????????? S(pi, pi)??
??????????????? 3.7(d)?????????A0 = 0?????? S(pi, pi)??????
t ∼ 600???????????
????????????????????????????????*6????????????
??????*7???????????? A(t) = −θ(t)F0t ???????????? F (t) = θ(t)F0 ?
???????? F0 = (F0, F0), F0 = 1??????????????? 3.8??????? j ‖ ???
?? j ≡ −N−1∂H/∂A????????? j ‖ = ( jx + j y)/√2?????????? t = 0?? t ≈ 10
?????????????????? nν ??????? j ‖ ??? 2pi/F0 = 6.28? Bloch?? [206]
????*8??? 10 ≲ t ≲ 50??????????????????? 0?????????????
?????????t ≈ 200???????????????????????
?????????????????????????????????????????????
??????????????????????????????????????????????
???????????????????????????????????Bloch ????????
??????????1 THz ??? 0.5 ps???????????????????????????
U ∼ 1–10 eV????????? 1/U ∼ 0.4–4 fs?????????????????????????
?????????? Fth ? Bloch????? 2piℏ/(eFtha) ∼ 1 fs???? Fth ∼ 82.7 MV/cm????
??????? e?????????????? a = 0.5 nm????????????MV/cm???
?????????????????????? [87, 207]????????????????????
???????????????????????? 3.6???????????????? ω = 2J ?
??????????????????? Drude?????????????? Kerr????????
? 2???? Raman?????????????????????? X ?????????? Bragg
??????????????????????????????????????????????
???????????????????????????????????
*6 ???????????????????????? Keldysh???????? γ = Ω/(ξF0)??????????γ ??
????????????????????????????? [48, 203–205]?
*7 ? 5?????????????????????????????????????????????????????
???????????????????????????????????????
*8 ????? a = 0.5 nm???????????????????? h = 0.5 eV ????????????????
‖F0 ‖ =
√
2? 14.1 MV/cm?????Bloch???? 2pi/F0 = 6.28? 8.3 fs????? [? 1.1]?
40 ? 3? ??????????????????????
? 3.7 ???????????????????????????????????? A1 =
(pi, pi), F0 = 0, α = 1????A1 = (pi, pi), F0 = (pi, pi), t0 = 50, α = 0.1?????????? Ω = 1
????????? N = 8 × 8?
? 3.8 ???? F0 = (F0, F0), F0 = 1?????????????(a)?????????????
????(b)????????(c)??????????????Hund??????? J = 4????
??? ne = 0.5?????? α = 1?????? N = 8 × 8????
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3.4 ???
?????????????????????????????????????????????
??????????????? Schrödinger???? LLG???????????????????
????????????
• ???????????????????????????????????????????
???????????????????????????????????????????
??????????
• ?????????????????????????????????????? F0/Ω??
???????????????????????????????
• ????????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
?????????????
???????? N = 8× 8?? N = 16× 16?????????????????????????
??????????????????????????????????????????????
??????????????????????????????????????????????
??????????????????? 4?????
??????? [143]???????????????????????????????????
?????? (3.1)???????????? Hund?? J ????????????????????
?????????????????? J ??????????????????????? [156]??
???????????????????????????????????????????????
??????????????????????????????????????????????
????????????? [? (3.1)]?????????????????????????????
??????????????????????????????????????????? 5??
?????? Green?????????????

43
? 4?
???????????????
???????????
??????????????????????????????????????????
? [55, 208–210]??????????????????????????????????????
??????????????????????????????????????????????
??????????????????????????????????????????????
??????????????????????????????????????????????
??????????????????????????????????????????????
(non-collinear)??????? (non-coplanar)??????????????????????????
??????????????????????????????????????????????
?????????????????? [211–214]???????????????????????
????????????????? [215–224]?
? 3???????????????????????????????????????????
??????????????????????????????????????????????
??????????????????????????????????????????????
?????????????????????????????????????????????
4.1 ????
????????? 3????????????
H =
∑
〈i j 〉s
hi jc
†
iscjs −
J
S
∑
iss′
Si · σi (4.1)
????????????????????? c†is ???? s (= ↑, ↓)??????? i????????
??????σi =
∑
ss′ σss′c
†
iscis′ ???? i ???????????????σ = (σx, σy, σz)? Pauli
????????????????Si ??????????????? 3?????????????
? S = 1?????????????????????? N????? Ne?????? ne = Ne/N ??
??x-y ???????????????x ??????????y ????????????????
???????????????? (hi j = −h < 0)??????????????? ne = 0.5?Hund?
?????? J/S ≳ 4h????????????????????????????????????
??????????????????????? δθ = 0.1 rad?????
44 ? 4? ??????????????????????????
????????? 3?????????????
S(q) = 1
N2
∑
i j
eiq(ri−r j )Si · Sj, (4.2)
????????????????????????
θ¯ =
1
2N
∑
〈i j 〉
cos−1(Si · Sj) (4.3)
????????????????
χA(B) =
1
4pi
∑
i∈B(A)
[
χi+xˆ,i+yˆ,i−xˆ + χi−xˆ,i−yˆ,i+xˆ
]
(4.4)
??????????????????????
QA(B) =
1
4pi
∑
i∈B(A)
[Ai+xˆ,i+yˆ,i−xˆ +Ai−xˆ,i−yˆ,i+xˆ ], (4.5)
????????????????
P =
1
N
∑〈i j 〉(rj − ri) × (Si × Sj)
 (4.6)
??????????????????? P ?????????????? [225]???? A,B???
????????????? i +mxˆ + nyˆ ??? ri + (m, n)????????????????????
????????Ai jk ???? Si,Sj,Sk ???????????????????????????
??????
Ai jk = sgn[Si · (Sj × Sk)](Ci jk + Cjki + Cki j − pi), (4.7)
Ci jk = cos−1

Sj · Sk − (Sk · Si)(Si · Sj)√
1 − (Sk · Si)2
√
1 − (Si · Sj)2
 . (4.8)
???χi jk ???????????????????????
χi jk =
1
2
Si · (Sj × Sk). (4.9)
??? Ai jk ? 4pi ???????????????????? χi jk ??????? Ai jk ??????
Ai jk ≈ χi jk . (4.10)
????????????? Si ???? i ???? S = 1 ?????? S2 ??????????
??????????????????????????m(ri) = Si ?????? R2 ?? S2 ???
??? R2 ∋ r 7→ m(r) ∈ S2 ??????????????? R2 ????????????????
????????????????????m?????????*1?????m????????
??????????????????????????????????????????????
*1 ???????????????????????????????
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??? pi2(S2)?????*2??????????????????????????????????
(winding number)???????????
wS2 =
1
4pi
∫
dxdym(r) · (∂xm(r) × ∂ym(r)) (∈ Z). (4.11)
??? Pontryagin ????????????????????????? S2 ????m ?????
?????????????????????????????????? (4.5)???????*3??
???????????????????????
Q′A(B) =
1
4pi
∑
i∈B(A)
[Ai−yˆ,i+xˆ,i+yˆ +Ai+yˆ,i−xˆ,i−yˆ ], (4.12)
???
Q′′A(B) =
1
8pi
∑
i∈A(B)
[Ai,i+xˆ−yˆ,i+xˆ+yˆ +Ai,i+xˆ+yˆ,i−xˆ+yˆ +Ai,i−xˆ+yˆ,i−xˆ−yˆ +Ai,i−xˆ−yˆ,i+xˆ−yˆ ] (4.13)
???????????QX ??? Q′X ?????????????????????????????
??Q′′X ? QX ? Q′X ????????|QX − Q′X | ???????? Q′′X ????????*4????
QX ??? Q′X ???? X ????????????????????????? (4.5)? QX ????
??????????????? [? (4.4)]???????????????????????????
?????????
4.2 ????
??????????????? 3????????????? 3.2.1??????????????
??????????????????? O(N3dim)????????????????????????
????????????????? ϕ ???????????????????????? O(Ndim)
??????????????????????????????????????? [230]?????
???????????????? [65, 175, 231–234]??????????????????????
????????????????????????????????
??? ϕ????????????????H = ∑i j hi j[ϕ]c†i cj ????????????
Z = Tr
ϕ
Tr
c
exp
[
−β
(
H − µ
∑
i
c†i ci
)]
(4.14)
?????????? Trϕ ?????Trc ????????????????β???????????
????
Z[ϕ] ≡ e−βF[ϕ] = Tr
c
e−β(H−µ
∑
i c
†
i ci ) (4.15)
?????? ϕ?????????
F[ϕ] = − 1
β
∑
ν
ln
[
1 + e−β(εν−µ)
]
=
∫
dε ρ(ε)F (ε) (4.16)
*2 ???????????? [208, 226–228]????
*3 ??????? [229]???????????????????????
*4 ?????????????QX ????????????????Q′X , QX ?????????????? |QX −Q′X |
? 1??????????
46 ? 4? ??????????????????????????
????????? ρ(ε) = ∑Ndim
ν=1 δ(ε − εν)?????????????? F ?
F (ε) = − 1
β
ln
[
1 + e−β(ε−µ)
]
(4.17)
?????????
?????????????????????
????????? hi j ???????? [−1, 1]???????????????????????
Emax ? Emin ???
H → H˜ = H − b
a
, a =
Emax − Emin
2 − η , b =
Emax + Emin
2
(4.18)
???????????η ? |η | ≪ 1 ?????????????????????????????
ρ(ε)? Chebyshev??????????????????
ρ(ε) ≈ 1
pi
√
1 − ε2
M−1∑
n=0
(2 − δn0)gnµnTn(ε). (4.19)
??? Tn(x) = cos(n cos−1(x))???? Chebyshev??????????
Tn(x) =

1 (n = 0)
x (n = 1)
2xTn−1(x) − Tn−2(x) (n > 1).
(4.20)
?????gn ???? M ????????????
gn =
(M − n + 1) cos
( pin
M + 1
)
+ sin
( pin
M + 1
)
cot
( pi
M + 1
)
M + 1
(4.21)
?????? µn ?
µn =
∫ 1
−1
dε ρ(ε)Tn(ε) =
∫ 1
−1
dε
D−1∑
ν=0
δ(ε − εν)Tn(ε) =
D−1∑
ν=0
Tn(εν) =
D−1∑
ν=0
〈ν |Tn(H˜)|ν〉 = TrTn(H˜) (4.22)
??????????????????????????????
F[ϕ] =
∫ 1
−1
dε ρ(ε)F (ε) =
M−1∑
n=0
Cnµn, Cn =
(2 − δn0)gn
pi
∫ 1
−1
dε
Tn(ε)F (ε)√
1 − ε2
. (4.23)
?? Cn ???? Chebyshev–Gauss quadrature ???????????????????? f (x) ??
?? ∫ 1
−1
dx
Tn(x) f (x)√
1 − x2
≈ pi
NM
NM∑
j=1
cos
[
n cos−1
{
cos
(
pi
2NM
− pi j
NM
)}]
f (xj)
=
pi
NM
NM−1∑
j=0
cos
(
npi
2NM
+
npi j
NM
)
f (xj) (4.24)
?????????????
xj = cos
(2 j − 1)pi
2NM
(4.25)
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????NM = 2M ????????????? f (x)?????????fj = f (xj) ( j = 0, 1, . . . , NM −1)
????
Cn =
(2 − δn0)gn
pi
∫ 1
−1
dx
Tn(x) f (x)√
1 − x2
≈ (2 − δn0)gn
NM
Re
NM−1∑
j=0
eipinj/NM einpi/(2NM ) fj (4.26)
???????? fj ( j = NM, NM + 1, . . . , 2NM − 1)? fj+NM = fj ( j = 0, 1, . . . , NM − 1)??????
??
Cn =
(2 − δn0)gn
2NM
Re
2NM−1∑
j=0
e2ipinj/(2NM )einpi/(2NM ) fj (4.27)
?????? {einpi/(2NM ) fj}2NM−1j=0 ?????? Fourier???????????????? µn ???
???????? S (≪ D)??????? D ??????? {|ri〉} ???? D × S ?? R?????
??????????
µn = TrTn(H˜ ) ≈
S∑
i=1
〈ri |Tn(h[ϕ])|ri〉 = Tr
[
R†Tn(h[ϕ])R
]
= Tr
[
R†αn
]
=
S∑
i=1
D∑
j=1
R∗ji(αn)ji . (4.28)
???? |ri〉 ? 〈ri |ri〉 = 1/S ????????????? D × S ???? αn ?????
αn = Tn(h[ϕ])R =

R (n = 0)
hR (n = 1)
2hαn−1 − αn−2 (n > 1)
(4.29)
???????
???? (automatic differentiation)
??? ϕ?????????? overdamped Langevin???
ϕ(t + δt) − ϕ(t) = −∂F
∂ϕ
δt +
√
2β−1δtη(t) (4.30)
???????????? ηi(t) ??? 1 ? Gauss ???????????????????????
Langevin???????? stochastic Landau–Lifshitz??????????????????????
???????? ∂F/∂ϕ? O(N)?????????????????????? reverse accumulation
?????????????????????????????????????????? h ???
??? ∂F/∂hi j ???????????? ∂F/∂ϕ?????
??????? F[ϕ] ??? (4.23) ?????h ???????? µn = TrTn(h) ???????
hi j = 〈i |h| j〉 (|i〉 = c†i |0〉)??? Tr hn ? hkl ??????
∂
∂hkl
Tr hn =
∂
∂hkl
∑
{i }
hi1i2hi2i3 · · · hin i1 =
n−1∑
m=0
Tr
[
hm |k〉〈l |hn−m−1] = n(hn−1)lk (4.31)
????????
∂F
∂ϕ
=
∑
i j
(
dF
dhT
)
ji
∂hi j
∂ϕ
=
∑
i j
〈c†i cj〉
∂hi j
∂ϕ
(4.32)
48 ? 4? ??????????????????????????
??????? T?????????????? F = ∑M−1m=0 Cmµm ?????
∂F
∂µm
= Cm,
∂µm
∂αm;lk
=
∂
∂αm;lk
S∑
i=1
D∑
j=1
R∗jiαm;ji = R
∗
lk (4.33)
????αm ?????? αm = 2hαm−1 − αm−2 ??
∂αm+1;lk
∂αm;i j
=
∂
∂αm;i j
∑
a
2hlaαm;ak = 2hliδjk, (4.34)
∂αm+2;lk
∂αm;i j
=
∂
∂αm;i j
(−1)αm;lk = −δilδjk, (4.35)
∂αm;lk
∂hi j
=
∂
∂hi j
{∑
a hlaα0;ak (m = 1)∑
a 2hlaαm−1;ak − αm−2;lk (m > 1)
=
{
δilα0;jk (m = 1)
2δilαm−1;jk (m > 1)
(4.36)
????????????? dF/dhT ????????? dF/dµm ?????? dF/dαm ??????
??
dF
dµm
= Cm (4.37)
????????????
dF
dαm
=
dF
dµm
∂µm
∂αm
+
∑
lk
dF
dαm+1;lk
∂αm+1;lk
∂αm
+
∑
lk
dF
dαm+2;lk
∂αm+2;lk
∂αm
(4.38)
?????? (i, j)???
β∗m−1;i j ≡
dF
dαm;i j
= CmR∗i j + 2
∑
lk
β∗m;lkhliδjk −
∑
lk
β∗m+1;lkδilδjk
= CmR∗i j + 2
∑
l
h∗ilβ
∗
m;l j − β∗m+1;i j (4.39)
??????? h????????????????????????(D, S)?? βm ?????
βm = Cm+1R + 2hβm+1 − βm+2;i j (4.40)
?????????????? αm (m ≥ M) ???????? βM−1 = βM = 0 ?????????
dF/dhT ? (
dF
dhT
)
ji
=
dF
dhi j
=
M−1∑
m=1
∑
lk
β†
m−1;kl
∂αm;lk
∂hi j
=
∑
lk
β†0;klδilα0;jk +
M−1∑
m=2
∑
lk
βm−1;kl2δilαm−1;jk
=
S∑
k=0
α0;jk β
†
0;ki + 2
M−2∑
m=1
S∑
k=0
αm;jk β
†
m;ki, (4.41)
????
dF
dhT
= α0β
† + 2
M−2∑
m=1
αmβ
†
m (4.42)
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???????????∂F/∂ϕ?
∂F
∂ϕ
=
∑
i j
dF
dhi j
∂hi j
∂ϕ
,
dF
dhi j
=
S∑
k=0
α0;jk β
∗
0;ik + 2
M−2∑
m=1
S∑
k=0
αm;jk β
∗
m;ik (4.43)
?????????
4.3 ??
? 3 ??????????????????????????????????????? F0 = 2?
???? Ω = 1?Gilbert????????? α = 1?????????????????? N = 12× 12
???? δt = 0.005???N = 16 × 16???? δt = 0.01????? 4.1? N = 16 × 16??????
? 4.1 ??????????????????????(a)???? (t = 0)?(b)????????
(t = 1000)?(c)(d)???? (t = 500)?(d)???? A?????????????????????
???????? z ??????????? N = 16 × 16???????????????????
???
50 ? 4? ??????????????????????????
? 4.2 (a)????????(b)????????(c)????????????(d)????????
?????????????? t = 100–300?????????? “??????”????????
????????? N = 12 × 12????
?????????????????????????? 4.1(a)(b)??? t = 0??? t = 1000???
????????????????? 3????????????????????????????
??????????? 4.1(c)(d)??? t = 500????????????????????????
?????? z ???????????????????????????????????????
???????????????????????????????????????
? 4.2????? N = 12 × 12??????????????W???????? S(q)??????
????????? θ¯?????? QX??????????? P?????????????????
??????? S(0, 0)??? t = 80??????????????????????????????
???????? θ¯ ? 0.75pi ?????????????????????????????????
??????? t ∈ [100, 300]???????? “??????”????? 4.2??????????
???????????????????W ∼ 3????????????????????????
??????????????????????????????????????????????
??????????????????????????????????????????????
??????????????????? P ??????????????????????????
?????????????????????????????????????????
??????????????????????????????????????????????
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? 4.3 ?????? 9??????? (#1–#9)???? (a)???????????(b)?????
???????(c)????????????????? (d)??????????????????
??????????????????????? δθ = 0.1????(b)–(d) ??????????
????????????????????????? N = 16 × 16????
????????????????? δθ = 0.1??? 9?????????????????????
???????????? F0 = 2??????Ω = 1?????????? 4.3????? 4.3(b)–4.3(d)
?????? 9????????????????????????????????????????
????? S(0, 0)?????????????????????????????????? S(pi, pi)?
????????????? |χA |?????????????? P ????????????????
??????????????????????????????????????????????
????????????????????????????????(1)?????? S(pi, pi)???
?? 0.9????????t ∼ 400???????????????????????? χ??????
????? P ? S(pi, pi)???????????????????? 0?????(2)????????
?? |χX | ??????????? P ?????????????????????????????
(t ≲ 1000)??????????????????????????????????????????
??????????????????????????????????????????????
??????????????????
?????????????????????????????????? 4.2 ?????????
????????????????? β ????????????????????????????
??????????????????????????????????????????????
??????????????????????????????? (ne = 1) ???????????
????????????????????????????????? (µ = −J) ????????
?? (µ = 0) ????????????????????????????????????????
??????????????????????????? 3??????????????????
52 ? 4? ??????????????????????????
? 4.4 ???????? µi = −J/S = −4?? µf = 0????????????????????
? (a)??????????????????(b)???????????????????????
??? (c)???????????????? N = 32 × 32????
???????????????????εν < 0 ???? nν = ne????????????????
??????????????????????????????????????????????
?????????????? 100???Chebyshev???? 200????????????????
N = 32 × 32?????????? δt = 0.1???????????????????????????
????????????????????
? 4.4???????????????????????????????????????????
??????????????????????? (4.3)?????????????????????
????????????????? 4.5???? t = 200??? t = 1000????????????
???????????????????????????? (z)????????? 4.4(a)?????
??? S(0, 0)??? t = 100?????????????????? θ¯ ? 0?? 0.7pi????????
??????????????????????????????????????????????
?????????????????????? S(pi, pi)? t = 100????????????????
?????????????????????????????? 4.5(a)–4.5(c)??????????
??????????????????????????????????????????????
????? P? θ¯ ?????????????????? S(0, 0)???????????? QX ???
???????? χX ????????? t = 100????????????????? t = 1000??
????????? 4.5(d)–4.5(f)???????????????????????????????
??????????? 3.5??????????????????????????????????
?????????????????????????????
4.3 ?? 53
? 4.5 ???????? µi = −J/S = −4 ?? µf = 0 ?????????? t = 200??????
? t = 1000????????????????????????????????????????
? A??????? B????????????????????????????? z ?????
??????????????????? 4.4???????
54 ? 4? ??????????????????????????
4.4 ???
?????????????????????????????????????????????
???????????????????????????????????
• ????????????????????????????????????????????
???????????????????????????????????????????
???????????????????
• ???????????????? tAF???????????????? “??”??????
??????????????????????????????????????????
• ? 3????? Schrödinger???? LLG????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
?????????????
??????????????????????????????????????????Kibble–
Zurek?? [235–241]?????????????????????????????????????
??????????????????????????????????????????????
??????????????????????????????????????????????
??????????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????Dzyaloshinskii–
Moriya (DM)????????????????????????????????????? 3??
??????????????????????????????????????????????
Hund????????????????????????????????????????????
??? DM?????????????????????????????????????????
?????????????????????????????????
55
? 5?
????????? Floquet??????
??????
? 3???????????????????????????????????????????
??????????????????????????????????????????????
????????????????????????????????????????? “??”??
??????????????????????????????????????????????
???????????????????????????????????????????????
??? Floquet Green???????????????????????????????????
5.1 ???
5.1.1 ????
??????????????????????????????????
H =
∑
i js
hi jc
†
iscjs −
J
S
∑
iss′
Si · σss′c†iscis′ . (5.1)
??? c†is ???? s = (↑, ↓) ????????? i ????????????Si ???? i ???
??????????σ = (σx, σy, σz) ? Pauli ??????????????????? (H0) ??
???????????hi j ???? i ? j ???????????????? (V) ????????
?????? Hund???????????????????????????? N?Ne?ne = Ne/N
???????????????? A(t) ? Peierls ????? hi j 7→ hi j exp[ieA(t)(ri − rj)/ℏ] ???
?????????? e (< 0) ???????ri ???? i ????t ??????????????
A(t) = (F0/Ω) sinΩt ??????F0 ??????Ω ≡ 2pi/T ???????????????????
????????????? a?????????????????? hi j = −h (< 0)????????
? hi j = 0???????????????????? h?Dirac?? ℏ??? e????? a? 1????
Hund ????????????????????????????? Holstein–Primakoff ????
??????????????
Szi = S − a†i ai, S+i =
√
2S
√
1 − a
†
i ai
2S
ai, S−i =
√
2Sa†i
√
1 − a
†
i ai
2S
. (5.2)
56 ? 5? ????????? Floquet????????????
???????? ai ?????? 〈Szi 〉 = S???????????????????????? S??
???????
S+i =
√
2Sai, S−i =
√
2Sa†i (5.3)
???? 1/S ?????????????????Hund??
V = − J
S
∑
i
[
(c†
i↑ci↑ − c†i↓ci↓)(S − a†i ai) +
√
2S(c†
i↑ci↓a
†
i + c
†
i↓ci↑ai)
]
(5.4)
???????????????????????????
H = H0 +V, (5.5)
H0 =
∑
ks
εksc
†
ks
cks +
∑
q
ω
(0)
q a†qaq (εks = εk − J sgn(s) − µ, ω(0)q = 0), (5.6)
V = V1 +V2
=
J
SN
∑
kk′qq′s
δk+q,k′+q′ sgn(s)c†ksck′sa†qaq′ − J
√
2
SN
∑
kq
(
c†
k↑ck+q↓a
†
q + c
†
k↓ck−q↑aq
)
. (5.7)
???V1,V2 ????? Hund?????? (Szσz)???? (Sxσx + Syσy)????????????
???????????????????????????????????????????? z?
?????????????????????
|Ψ0〉 =
εk↑<0∏
k
c†
k↑ |0〉 (5.8)
????????? |0〉 ????????????????? Slater???????????Wick??
????????
5.1.2 ????
Hund???V ??????????????????????? Green???
Gks,k′s′(t, t ′) = −i〈TCcks(t)c†k′s′(t ′)〉, Dq,q′(t, t ′) = −i〈TCaq(t)a†q′(t ′)〉, (5.9)
Gks,k′s′(t, t ′) = −i〈TCcIks(t)c†Ik′s′(t ′)〉, Dq,q′(t, t ′) = −i〈TCaIq(t)a†Iq′(t ′)〉 (5.10)
????????? 〈·〉 = 〈Ψ0 |·|Ψ0〉 ????? |Ψ0〉 ???????????????? I??????
???????????????????????????? 〈TCcIks(t)c†Ik′s′(t ′)〉 = 〈TCcks(t)c†k′s′(t ′)〉0
? 5.1 ?????????????????Hund ??? (a) ??? Σ1(t, t ′) ??? (b) ???
Σ2,q(t, t ′)?????????????????????????? Green??????
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?????????????? Green??????????
Gks,k′s′(t, t ′) = δkk′δss′Gks(t, t ′), Dq,q′(t, t ′) = δqq′Fq(t, t ′). (5.11)
????????? Green??? Floquet????????????????
(GR,−1
ks
)mn(ω) = δmn(ω + nΩ + µ + J sgn(s) + iΓ) − εmn,k, (5.12)
(GK,−1
ks
)mn(ω) = 2iδmn(1 − 2 f (ω + nΩ))Γ, (5.13)
(DR,−1q )mn(ω) = δmn(ω + nΩ + iΓ − ω(0)q ). (5.14)
??? Γ ????????? β????????????? f (ω) = 1/(eβω + 1)? Fermi–Dirac???
?????? (5.12)???? εmn,k ?
εmn,k =
∫ T
0
dt
T
ei(m−n)Ωtεk−A(t) (5.15)
??????????????? Green?? Gks,k′s′ ??? Dq,q′ ????????????????
???????
??????????????????? (2.26)?????? S???????V1 ????V2 ??
????????V1 ??????
−i
∫
C
dt¯ TCV1(t¯) = −i JSN
∑
kk′qq′s
δk+q,k′+q′ sgn(s)
∫
C
dt¯ TCc†ks(t¯+)ck′s(t¯)a†q(t¯+)aq′(t¯) (5.16)
??????? t¯+ ????? t¯ ???????????????????????? Green ????
??
〈TCc†ks(t¯+)ck′s′(t¯)a†q(t¯+)aq′(t¯)ap(t)a†p′(t ′)〉0 = −i3Dp,q(t, t¯+)Gk′s′,ks(t¯, t¯+)Dq′,p′(t¯, t ′)
= −i3δpqδkk′δss′δp′q′Dp(t, t¯+)Gks(t¯, t¯+)Dp′ (5.17)
??
D(1)p,p′(t, t ′) = [D ◦ Σ1 ◦ D](t, t ′)
= (−i) × (−i) × (−i3)︸                 ︷︷                 ︸
−i
J
SN
∑
kk′qq′s
δk+q,k′+q′ sgn(s)
∫
C
dt¯Dp,q(t, t¯+)Gk′s′,ks(t¯, t¯+)Dq′,p′(t¯, t ′)
= −i J
SN
∑
kqs
sgn(s)
∫
C
dt¯1dt¯2Dp,q(t, t¯1)Gks(t¯2, t¯1)δC(t¯1, t¯+2 )Dq,p′(t¯2, t ′) (5.18)
???????? δC ? Schwinger–Keldysh?????????????? (2.33)?????????
???????????????
Σ1(qt, q′t ′) = δqq′ −iJSN
∑
ks
sgn(s)Gks(t ′, t)δC(t, t ′+) (5.19)
??? [? 5.1(a)]???? q ??????????? Σ1(t, t ′) = Σ1(qt, q′t ′)????????????
??? Σ121 = Σ211 = 0??????????
Σ111 (t, t ′) =
−iJ
SN
∑
ks
sgn(s)G11ks(t ′, t)[+δ(t − (t ′ + 0))] = δ(t − t ′)
−iJ
SN
∑
ks
sgn(s)G12ks(t, t), (5.20)
Σ221 (t, t ′) =
−iJ
SN
∑
ks
sgn(s)G22ks(t ′, t)[−δ(t − (t ′ − 0))] = −Σ111 (t, t ′) (5.21)
58 ? 5? ????????? Floquet????????????
????????????????????
ΣR1 (t, t ′) =
1
2
[
Σ111 (t, t ′) − Σ221 (t, t ′) + Σ211 (t, t ′) − Σ121 (t, t ′)
]
= δ(t − t ′)−iJ
SN
∑
ks
sgn(s)G<ks(t, t) (5.22)
???*1???? Floquet????
(ΣR1 )mn(ω) =
∫ T
0
dta
T
∫ ∞
−∞
dtr ei(ω+mΩ)t−i(ω+nΩ)t
′
δ(t − t ′)−iJ
SN
∑
ks
sgn(s)
∑
l
∫ ∞
−∞
dω¯
2pi
e−ilΩt (G<ks)l0(ω¯)
=
−iJ
SN
∑
ksl
sgn(s)
∫ T
0
dt
T
ei(m−n−l)Ωt
∫ ∞
−∞
dω¯
2pi
(G<ks)l0(ω¯)
=
−iJ
SN
∑
ks
sgn(s)
∫ ∞
−∞
dω¯
2pi
(G<ks)m−n,0(ω¯) (5.23)
??????
??? Hund???????????V2 ??????????????? |Ψ0〉 ?????????
??????????????????????? V2V2 ??????????????????S?
???????
(−i)2
2!
∫
C
dt¯1dt¯2 TCV2(t¯1)V2(t¯2)
→ (−i)2 2J
2
SN
∑
k1q1
k2q2
∫
C
dt¯1dt¯2 TCc†k1↑(t¯
+
1 )ck1+q1↓(t¯1)a†q1 (t¯1)c†k2↓(t¯
+
2 )ck2−q2↑(t¯2)aq2 (t¯2)
= (−i)2 2J
2
SN
∑
k1q1
k2q2
∫
C
dt¯1dt¯2 TCc†k1↑(t¯
+
1 )c†k2↓(t¯
+
2 )ck2−q2↑(t¯2)ck1+q1↓(t¯1)a†q1 (t¯1)aq2 (t¯2) (5.24)
???*2????????? Green??????
〈TCc†k1↑(t¯
+
1 )c†k2↓(t¯
+
2 )ck2−q2↑(t¯2)ck1+q1↓(t¯1)a†q1 (t¯1)aq2 (t¯2)ap(t)a†p′(t ′)〉0
= −i4Dp,q1 (t, t¯1)Gk1+q1↓,k2↓(t¯1, t¯+2 )Gk2−q2↑,k1↑(t¯2, t¯+1 )Dq2,p′(t¯2, t ′)
= −i4δk1+q1,k2δk2−q2,k1Dp,q1 (t, t¯1)Gk2↓(t¯1, t¯+2 )Gk1↑(t¯2, t¯+1 )Dq2,p′(t¯2, t ′) (5.25)
??
D(2)p,p′(t, t ′) = [D ◦ Σ2 ◦ D](t, t ′)
= (−i) × (−i)2 × (−i4)︸                   ︷︷                   ︸
−i
2J2
SN
∑
kq
∫
C
dt¯1dt¯2Dp,q1 (t, t¯1)Gk+q↓(t¯1, t¯+2 )Gk↑(t¯2, t¯+1 )Dq,p′(t¯2, t ′)
= −2iJ
2
SN
∑
kq
∫
C
dt¯1dt¯2Dp,q(t, t¯1)Gk+q↓(t¯1, t¯2)Gk↑(t¯2, t¯1)Dq,p′(t¯2, t ′) (5.26)
???*3???????????
Σ2,q(t, t ′) = −2iJ
2
SN
∑
k
Gk+q↓(t, t ′)Gk↑(t ′, t) (5.27)
*1 ??????????????????? Keldysh??????? ΣA1 (t, t′) = ΣR1 (t, t′), ΣK1 (t, t′) = 0??????????
*2 ?????????????? k1 ↔ k2 ???????????????????? S???????????? 1/2!?
?????????????????????????????????????
*3 ??? −i ? D(2) ???????? −i?S???????????? (−i)2???? 4???? Green?????????
???? −i4 ?? (−i) × (−i)2 × (−i4) = −i ????
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???????????????? 5.1(b)??????????????
ΣR2,q(t, t ′) =
1
2
[
Σ112,q(t, t ′) − Σ222,q(t, t ′) + Σ212,q(t, t ′) − Σ122,q(t, t ′)
]
= − iJ
2
SN
∑
k
[
GRk+q↓(t, t ′)GKk↑(t ′, t) + GKk+q↓(t, t ′)GAk↑(t ′, t)
]
(5.28)
????Floquet????
(ΣR2,q)mn(ω) = −
iJ2
SN
∑
kl
∫ ∞
−∞
dω¯
2pi
[
(GRk+q↓)m,n+l(ω + ω¯)(GKk↑)l,0(ω¯) + (GKk+q↓)m,n+l(ω + ω¯)(GAk↑)l,0(ω¯)
]
(5.29)
??????
????????????????????
(ΣRq )mn(ω) = (ΣR1 )mn(ω) + (ΣR2,q)mn(ω) (5.30)
???????? Green?? (DRq )mn(ω)? Dyson?????
(DR,−1q )mn(ω) = (DR,−1q )mn(ω) − (ΣRq )mn(ω) (5.31)
????????????????????? Floquet????? m, n? {0,±1,±2, . . . ,±Np} ????
??????????? Np ???????????????????????
???????Green??????????? Floquet?????????????????????
?????? Floquet Green???
(GRks)mn(ω) = (GAks)nm(ω)∗ =
δmn
ω + nΩ − εks + iη, (5.32)
(GKks)mn(ω) = −2piiδmn(1 − 2 f (ω + nΩ))δη(ω + nΩ − εks), (5.33)
(G<ks)mn(ω) = 2piiδmn f (ω + nΩ)δη(ω + nΩ − εks) (5.34)
?????????? Γ → η (> 0)??????
δη(z) = 1
pi
η
z2 + η2
=
1
2pii
[
1
z − iη −
1
z + iη
]
η→0−−−→ δ(z) (5.35)
??????????????????? Σ1 ?
(ΣR1 )00 = −
iJ
SN
∑
ks
sgn(s)
∫ ∞
−∞
dω¯
2pi
2pii f (ω¯)δη(ω¯ − εks) = JSN
∑
k
[
f (εk↑) − f (εk↓)
]
(5.36)
??????? Σ2 ?
(ΣR2,q)00(ω) =
−J2
SN
∑
k
∫ ∞
−∞
dω¯
[ (1 − 2 f (εk↑))δη(ω¯ − εk↑)
ω + ω¯ − εk+q↓ + iη +
(1 − 2 f (εk+q↓))δη(ω + ω¯ − εk+q↓)
ω¯ − εk↑ − iη
]
=
−J2
SN
∑
k
[ 1 − 2 f (εk↑)
ω + εk↑ − εk+q↓ + 2iη +
1 − 2 f (εk+q↓)
εk+q↓ − ω − εk↑ − 2iη
]
=
2J2
SN
∑
k
f (εk↑) − f (εk+q↓)
ω − (εk+q↓ − εk↑) + 2iη (5.37)
60 ? 5? ????????? Floquet????????????
???????????????????????????
(ΣRq )00(ω) = (ΣR1 )00 + (ΣR2,q)00(ω) =
J
SN
∑
k
[
f (εk↑) − f (εk↓)
] [
1 +
2J
ω − (εk+q↓ − εk↑) + 2iη
]
(5.38)
?????????????????????????????? [242] ?? (6) ????????
q = 0?? ω = 0???? Re (ΣR
q=0)00(ω = 0) = 0????????? q = 0????????????
???????????????????????? ωq = Re(ΣRq )00(ωq)? ωq ??????????
????1/S ??????????J →∞???????
ωq ≈ Re(ΣRq )00(0) =
1
SN
∑
k
J f (εk↑)(εk+q − εk)
2J + (εk+q − εk)
J→∞−−−−→ 1
2SN
∑
k
f (εk↑)(εk+q − εk) (5.39)
????????? (J = ∞)???????? [243]???????????J ???????????
???????????V ?????????????????????
5.2 ??
????????????????????????????????????????????
??????????????? Floquet ?? Amn(ω) ???? A(ω) ≡ Ann(ω − nΩ) ??????
[? (2.55)]???????????????? − ImDRq (ω)/pi ???????????????????
?????????? N = 32 × 32????????????Floquet?????????? Np ???
Np = 16???????????????????????????????? F0 = (F0, F0)?????
? Ω = 1????????? (5.12)???? εmn,k ?
εmn,k =
{
−2Jm−n(F0/Ω)(cos kx + cos k y) (m − n = 0 mod 2)
−2iJm−n(F0/Ω)(sin kx + sin k y) (m − n = 1 mod 2)
(5.40)
???????????????? Γ = 0.05????????????? (β → ∞)?????????
????????? µ = −J/S ??????????????????? 1/4????? (ne = 0.5)?
?????????????????? S = 1????
?????????????????? 5.2????? 5.2(a)???????????????????
???? − ImGR
k↑(ω)/pi???????????? εk↑?????????????? J0(F0/Ω) ≈ 0.85
???????????????????? Ω ????????????????????????
??Floquet ???????????????????????????????????????
?????????????????????????????????????????????
[? 5.2(b)]???????????????????
0 = Re (DR,−1q )00(ωq) = ωq − ω(0)q − Re (ΣRq )00(ωq) (5.41)
? ωq ??????????????? 5.2(b)??????????? ωq ????F0 = 0.8?????
???????????
??????????????? ωq ?????????????????????????? ωq ?
? 5.3??????????????? F0 < 1?????????????????????????
???F0 ≈ 1–1.1?? q = (pi, pi)????????????????? F ≈ 1.07??????????
??????????????????????????????? F0 ?????? F0 ≳ 1.1???
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? 5.2 (a)????????????? (b)?????????????????????????
F0 = 0.8????? Ω = 1????(b)????????????????? (5.41)????????
????????????????????????????? (a) N = 256 × 256?(b) N = 32 × 32
????Hund??? J = 5?????? Ω = 1?
? q = (pi, pi)????????????????????????????????????????
??????????????????????????????????
?? q = (pi, pi)?????????? ωq=(pi,pi) ????????????????? F0/Ω????
????? 5.4 ????? 5.4(a) ????? Ω = 1–4 ? Ω = 40 ????????????????
(Ω→∞)?? Floquet??????????????????????????????
(ΣRq )00(ω) =
J
SN
∑
k
[
f (εk↑) − f (εk+q↓)
] [
1 +
2J
ω − J0(F0/Ω)(εk+q − εk) − 2J + 2iη
]
(5.42)
?????????????????????????? (5.38) ??????????????
J0(F0/Ω)?????????????????????????????????????? (5.41)?
??????? 5.4(a) ?????????Ω = 40 ???????????????????????
J0(F0/Ω) = 0?????? F0 ????????????? Re (ΣRq )00(ω = 0) ≈ 0?????????
????? (ωq = 0)???????????Ω = 1????? 5.3(b)???????????????
???????????????????????????????????????????? (= 8)
?????????????????????????????????? Ω ≲ 2?? ωq ? F0/Ω?
???????????? F0/Ω ≈ 1.1???? ωq = 0???????? 3?? 3.2(e)???????
?????????????????? tF ? F0/Ω?????????????????? 5.3(b)??
???? Ω = 1????? Hund??? J = 4–8?????????? ωq=(pi,pi) ????Hund???
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? 5.3 ? (5.41)?????????????????????? (a) F0 = 0–1.2?(b) F0 = 1–1.1?
???Hund??? J = 5?????? Ω = 1?
? 5.4 ?? q = (pi, pi)?????????????? ωq=(pi,pi)?(a)?? Ω = 1–4, J = 5?(b)??
J = 4–8, Ω = 1????(a) ?????????? (5.42)???????????? (Ω → ∞)??
????????????????????????? µ = −J ????????? ne = 0.5???
???
??????? ωq=(pi,pi) = 0??? F0/Ω???????????????????????????
?????????????????????????????????????????
??????????????????????????????????????? 5.5 ????
?????? ω ≲ 1????????????????? ω = 2J = 10??????????????
????????????????????????? Stoner??????? 5.5(d)–5.5(f)?????
??????? F0 ??????????????????????????????????????
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? 5.5 ??????????????????????????????????????????
????????? (F0 = 0)???????? (F0 = 1.07)???????Hund??? J = 5???
??? Ω = 1?
q = (pi, pi)???????????????????????????????????? (5.38)???
??????????????????????????????????????
ImΣRq (ω) ≈ −
2J2
SN
∑
k
f (εk↑)piδ(ω − (εk+q↓ − εk↑)). (5.43)
??? f (εk+q↓)???????????????????????????????? ImΣRq (ω)??
????????????????? f (εk)????????? ∑k δ(ω − (εk+q↓ − εk↑))??????
?????????????????????????
?????????????????????????
nk↑ =
∫ ∞
−∞
dω
2pi
ImG<k↑(ω) (5.44)
????? q = (pi, pi)?????????????????? 5.6???????? F0 ???????
??????? nk↑ ?????? (nk↑ = ne)??????????????????????????
???????????????????????????????? (5.38)???????Hund??
64 ? 5? ????????? Floquet????????????
? 5.6 (a)??????????????????(b)??? (c)??????? q = (pi, pi)????
???????????????????(b)(c)?????????????????????Hund
??? J = 5?????? Ω = 1?
???????????????? Σ2 ? Stoner????????????????????? (ω ≈ 0)
????????????
ReΣ2,q(ω = 0) ≈ −2J
2
SN
∑
k
nk↑
εk+q − εk + 2J . (5.45)
??? Fermi–Dirac???? f (εks)??????????? nks ??????nk↓ ?????????
????????? 2J ????? (= 8)???????????????????? ReΣR2,q(ω = 0) < 0
???*4????? Stoner??????????????????????????????????
????????? nk↑ ?? 5.6(a)??????????????????? k??????????
????Stoner???????????????????????????????????????
*4 ??????????? ReΣR2,q(ω = 0) < 0??????????? 2J ????? (= 8)??????????????
?????????????????????????????????? 2J > 8??????????
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? 5.7 (a) ??????????????????(b) ????????????????????
F0 = (
√
2Fx0 , 0)????Hund??? J = 5?????? Ω = 1?
? Stoner??????????????????????????????????????????
??????? q = (pi, pi)??? εk+q − εk + 2J = 2J − 2εk > 0??????????????????
? q = (pi, pi)?????????????????????? 5.6(b)??? 5.6(c)??? q = (pi, pi)?
?????????????????????????? F0 ???????????????????
????? (ω ≈ 0)?? F0 ??????????????????????????????????
????????????????? F0 ≲ 1.2???????????????ωq=(pi,pi) = 0????
?????????????????????????????????????
???????????????????????? F0 = (
√
2Fx0 , 0)???x ??????????
????????? (5.12)???? εmn,k ?
εmn,k =
{
−2Jm−n(
√
2Fx0 /Ω) cos kx − 2 cos k y (m − n = 0 mod 2)
−2iJm−n(
√
2Fx0 /Ω) sin kx − 2i sin k y (m − n = 1 mod 2)
(5.46)
??????????????????? nk↑ ????? (5.41) ??????????????? ωq
?? 5.7 ???????? Fx0 ????????? nk↑ ? Γ–Y ??????X–M ?????????
??? (5.45)???? nk↑ > 0????????????????????? q ≈ (pi, 0)???????
?? q = (pi, pi)??? q = (pi, 0)?????????????????????????????? 3?
???????????????? 3.1(d)–3.1(f)????????????????????????
????????????????????????????????????????
66 ? 5? ????????? Floquet????????????
5.3 ???
????????????????????????????????????Floquet Green???
???????????????????????? Holstein–Primakoff??????????????
????????????????????? Hund??????????????????????
???????????????????????????????????????????
• ????????????????????? ωq ????????? F0 = (F0, F0)?????
??????? q = (pi, pi)??????????????????????? ωq=(pi,pi) = 0???
???????????????????????????????????????????
??????????
• ?????? (Ω ≲ 2) ????????????? ωq=(pi,pi) ????????????? F0/Ω
????????????????????????????? (Ω→∞)??????????
??????????????????????????????????????
• ?????????????????????????????????? nk↑ ???????
????????????? nk↑ ?????????? q = (pi, pi)? Stoner?????????
??????????????????????????????????????
• ????????????? q ?????????????????????????????
??????????? nk↑ ???????????????????
??????? 3?????????????????????????????????????
??????????????????????????????????????????????
?????
67
? 6?
??? Floquet??????
?????????
????????????????????? Floquet ????????????????????
????????????????????????????????Floquet???????????
??????????????????????????????????????????????
??????????????Floquet?????????????????????????????
????????????????????????????????????????Floquet???
??????????????????? Floquet????????????????????????
????????????? [244, 245]??????????? Hall????? [124]???????
???Floquet???????????????????????????????????????
???????????????????????????????????????????????
???????????????????????????????????????????????
????????????????????????????????? [159, 194, 197–199, 201, 246–
254]?????????????????????????????????????????????
???? [142, 179–182, 254–264]?????? [264–269]?????? [194, 200, 201, 264, 268, 270–272]?
????? [273]??????????????????????????????????????
“???”??????????????????????????????????? RKKY????
?Mott???????????????????????????????????????????
???????????????????????????? Peierls???????????????
??????????????????????????????????????????????
??????????????????????????????????????????????
????????
? 3–5??????????????????????????????????????????
???????????????????????????????? Hund???????????
?????????????????????????????Floquet??????????????
?????????Flouqet??????????????????????????????RKKY?
??????????????????????????????????????????????
??????????????????????????????????????????????
??????????????????????
68 ? 6? ??? Floquet???????????????
6.1 ????
????????????????????????????
H = H0 +V, (6.1)
H0 =
∑
ks
εkc
†
ks
cks +
∑
ν
ενb†νbν, (6.2)
V =
∑
ksν
Vν
(
c†
ks
bν + b†νcks
)
(6.3)
?????????? c†
ks
???? k???? s (= ↑, ↓)??????????b†ν ???? ν ?????
????????????????????H0 ??????????????????V ?????
?????????????????????????????? εk???????????? εν ?
????????? Vν ?????? k?????? s??????????????????????
??????????????????????? A(t)? Peierls????????????????
????????????? εk 7→ εk−eA(t)/ℏ ??????????????? e (< 0)???????ℏ
? Dirac?????????????? A(t) = A0 sinΩt ????????????????????
???????
A(t) = (Ax0 sinΩt, Ay0 sinΩt), (6.4)
????
A(t) = (A0 cosΩt, A0 sinΩt) (6.5)
????????? A0 = ‖A0‖ =
√
(Ax0 )2 + (Ay0 )2 ? Ω?????????????????????
???????????????? A(t) = A0 sinΩt ???????????????????????
???????
|Ψ0〉 =
εk<0∏
ks
c†
ks
|0〉 (6.6)
???????? |0〉 ???????????????????? e?Dirac ?? ℏ???????? 1
????
6.2 ???????
6.2.1 Floquet Green??
??????????Floquet??????????? Floquet Green??????????????
???????lesser Green???????
GRk(t, t ′) = −iθ(t − t ′)〈{cks(t), c†ks(t ′)}〉, (6.7)
GAk(t, t ′) = GRk(t ′, t)∗, (6.8)
G<k(t, t ′) = i〈c†ks(t ′)cks(t)〉 (6.9)
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????????? θ(t)??????{·, ·} ??????〈·〉 ≡ 〈Ψ0 |·|Ψ0〉 ??????????? cks(t)
??? c†
ks
(t ′)? Heisenberg????????????????????? Green?????? s ??
????????????????? s ?????????? two-time Green???????????
????
GX (t + T, t ′ + t) = GX (t, t ′) (X = R,A, <). (6.10)
??? T ≡ 2piΩ−1 ???????????? 2??????????????????? Green???
Floquet??????? Floquet Green???
(GX )mn(ω) =
∫ T
0
dta
T
∫ ∞
−∞
dtr ei(ω+mΩ)t−i(ω+nΩ)t
′
GX (t, t ′), (6.11)
GX (t, t ′) =
∑
n
∫ ∞
−∞
dω
2pi
e−inΩtae−i(ω+(n/2)Ω)tr (GX )n,0(ω) (6.12)
???????????? ta = (t + t ′)/2, tr = t − t ′ ?????? m, n???????????????
{0,±1,±2, . . . ,±Np}????????? Floquet Green????Dyson???
(GR,−1
k
)mn(ω) = (GR,−1k )mn(ω) − (ΣRk )mn(ω) (6.13)
????????????????????? (ΣRk )mn(ω) ???????????????????
??(GR,−1
k
)mn(ω)?
(GR,−1
k
)mn(ω) = δmn(ω + nΩ + iη) − εmn,k (6.14)
?????????? Green????????? η ???????????εmn,k ?
εmn,k =
∫ T
0
dt
T
ei(m−n)Ωtεk−A(t) = εm−n,k (6.15)
????????? ε0,k ? εk−A(t) ??????????A0 = 0?????????????? εk ?
??????????????????????????????????????
(ΣXk )mn(ω) = δmn
∑
ν
|Vν |2F Xν (ω + nΩ). (6.16)
??? F Xν (ω)???? Green???Wigner??????
F Rν (ω) = F Aν (ω)∗ =
1
ω − εν + iη, (6.17)
F <ν (ω) = 2pii f (ω)δ(ω − εν) (6.18)
?????????? δ(ω)? Dirac??????????f (ω) = 1/(eβω +1)???? β? Fermi–Dirac
??????????????????????????????????????????????
???????????????????????????????????????????? ω ?
??????????? Floquet???????????Floquet?????????
(ΣRk )mn(ω) ≈ −δmniΓ, (6.19)
(Σ<k )mn(ω) ≈ 2δmniΓ f (ω + nΩ) (6.20)
70 ? 6? ??? Floquet???????????????
?????????
Γ = pi
∑
ν
|Vν |2δ(ω − εν) (6.21)
??????????????????????????????????????Dyson ??
? (6.13)?
(GR,−1
k
)mn(ω) = δmn(ω + nΩ + iΓ) − εm−n,k (6.22)
????????????? η ???????? Γ ????????? [193]???????????
????? Floquet Green???
(GRk)mn(ω) =
∑
l
(Λk)ml(Λk)∗nl
ω + lΩ − ε0,k + iΓ (6.23)
?????????? Λk ?
(Λk)mn =
∫ pi
−pi
dx
2pi
ei(m−n)x exp
[
1
iΩ
∫ x
0
dz
{
εk−A(z/Ω) − ε0,k
}]
(6.24)
????????????????? (6.23)???Floquet??????? l ?? “????”????
????? ε0,k − lΩ????????“l-???????”?? “0-???????” ε0,k ???????
????????????? lesser Green????
(GAk)mn(ω) = (GRk)nm(ω)∗, (6.25)
(G<k)mn(ω) = (GRkΣ<kGAk)mn(ω) (6.26)
??????????????? (A0 = 0) ????????? (Ω → ∞) ?? (Λk)mn = δmn ????
Green???
(GRk)mn(ω) =
δmn
ω + nΩ − ε0,k + iΓ , (6.27)
(G<k)mn(ω) =
2δmniΓ f (ω + nΩ)
(ω + nΩ − ε0,k)2 + Γ2 (6.28)
?????????????? Green?????????????? εk ? ε0,k ??????????
?????
????????? (Ω → 0)*1??? (6.24)? Λk ??????????Dyson??? (6.22)???
????????????????
(GR,−1
k
)mn(ω) = δmn(ω + iΓ) − εm−n,k (6.29)
??????? Floquet ?????? Np × Np ???????“???????????” ? ω + iΓ?
m ???? n ?????? “??????” ? εm−n,k ?????????????????????
???????????????? εmn,k = εm−n,k ? “?????” ??????????????
Unκ = e−inκ/
√
2Np + 1????????????????
ε˜κ,k ≡
∑
mn
U∗mκεmn,kUnκ =
∑
n
εn,keinκ = εk−A(−κ/Ω). (6.30)
*1 ????????? Ω→ 0???????????????? ω → 0????????????
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??? κ = 2pi j/(2Np + 1) ( j = 0,±1, . . . ,±Np)????????????Floquet Green???
(GRk)mn(ω) =
1
2Np + 1
∑
κ
e−i(m−n)κ
ω + iΓ − ε˜κ,k
Np→∞−−−−−→
∫ T/2
−T/2
dt
T
ei(m−n)Ωt
ω + iΓ − εk−A(t) , (6.31)
(G<k)mn(ω) =
1
2Np + 1
∑
κ
2iΓ f (ω)e−i(m−n)κ
(ω − ε˜κ,k)2 + Γ2
Np→∞−−−−−→
∫ T/2
−T/2
dt
T
2iΓ f (ω)ei(m−n)Ωt
(ω − εk−A(t))2 + Γ2 (6.32)
???????????? Green?????? εk ? εk−A(t) ????????? (m − n)??? Fourier
????????????? 6.7(j)??????
???????????????????
ρRk(ω) = −
1
pi
Im (GRk)00(ω), (6.33)
ρ<k(ω) =
1
2pi
Im (G<k)00(ω) (6.34)
??????????????????????????????????
n(ω) = 2
N
∑
k
ρRk(ω), (6.35)
nk =
∫ ∞
−∞
dω ρ<k(ω) (6.36)
?????????????????????? 2?????????????????????
6.2.2 ?????????
????? Floquet ????????????????????????????????????
??????????? [? (6.1)–(6.3)]??????????????
??????? q ??????????
Mαq =
1
N
∑
kss′
σαss′c
†
ks
ck+qs′ (α = 0, 1, 2, 3) (6.37)
??????????? σ0 ? 2???????{σ1, σ2, σ3} ? Pauli??????N ????????
????????????????????????????????????
Mαq = (M0q,Mq), Mq = (M1q,M2q,M3q) (6.38)
????????????? Mαq ??? Hαq ???????????????????????????
Vext = −
∑
αq
Hαq M
α
q = −
∑
αkqss′
Hαq σ
α
ss′c
†
ks
ck+qs′ . (6.39)
????????????????
χ
αβ
qq′(t, t ′) =
δ〈Mαq (t)〉
δHβq′(t ′)
(6.40)
???????? 2.4???? [? (2.82)]??????
χ
αβ
qq′(t, t ′) =
iδqq′
N
∑
k
∑
ss′
[
σαss′G
R
k+q(t, t ′)σβs′sG<k(t ′, t) + σαss′G<k+q(t, t ′)σβs′sGAk(t ′, t)
]
(6.41)
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?????????????????????? Green?????????????????????
???????? Green?? GR(t, t ′)????? Green?? GA(t ′, t)????????? θ(t − t ′)??
??????? χ(t, t ′)?????????Floquet????
(χq)mn(ω) = 2iN
∑
kl
∫ ∞
−∞
dω¯
2pi
[
(GRk)m,n+l(ω + ω¯)(G<k)l,0(ω¯) + (G<k+q)m,n+l(ω + ω¯)(GAk)l,0(ω¯)
]
(6.42)
??????? Tr(σασβ) = 2δαβ ????β = α ?? q′ = q ????? α, β, q′ ??????????
???? α ?????????????????????????????????????????
????????
χq(ω) ≡ (χq)mn(ω − nΩ) (6.43)
?????????? (ω → 0)
χq ≡ χq(ω = 0) = (χq)nn(−nΩ) (6.44)
???????????
??????????????? (Ω→ ∞)??????? (A0 = 0)?? (Λk)mn = δmn ??????
????
χq(ω) → χ(0)q (ω) = 2N
∑
k
f (ε0,k+q) − f (ε0,k)
ω − (ε0,k+q − ε0,k) + 2iη (6.45)
??????????? Γ → η ??? f (ω)? f (ε0,k)? f (ε0,k+q)????????????????
??????????????????????? εk ??????? ε0,k ?????????????
??????????
????????? (Ω → 0) ?? Green ???? (6.31) ??? (6.32) ?????????????
??
χq(ω) → 2(2Np + 1)N
∑
kκ
f (ε˜κ,k+q) − f (ε˜κ,k)
ω − (ε˜κ,k+q − ε˜κ,k) + 2iη =
2
N
∑
k
f (εk+q) − f (εk)
ω − (εk+q − εk) + 2iη (6.46)
??????????????????????????????????????????????
????????????????????????????????? Γ−1 ??????????
χq(ω) ???? T = 2piΩ−1 ????????????????? (Ω → 0) ?? T → ∞ ?????
? T (≫ Γ−1)????????????????????????????????????????
A(t)??????????????? Fermi–Dirac?????????????????Ω ≪ Γ ???
???????????? χq(ω)????????????????????? 6.3????????
??????? [? 6.7]?
????? (6.42)???????? RKKY?????????????????? r1, r2 ?????
?????????????????????????
−J
∑
i
Si ·Mi (6.47)
??????????????? J ?????????
Mi =
∑
ss′
σssc
†
iscis′, c
†
is =
1√
N
∑
k
e−ikri c†
ks
(6.48)
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??? ri ???????????????????? rj ???????????????????
Hj = JSj ??????????? ri ?
〈Mαi (t)〉 ≡
∑
β
∫ ∞
−∞
dt ′ χαβi j (t, t ′)Hβj (t ′) (α, β = 1, 2, 3) (6.49)
??????????????????????????????????????????????
??
HRKKY(t) = −JSi(t) · 〈Mi(t)〉 = −J2
∑
αβ
∫ ∞
−∞
dt ′ Sαi (t)χαβi j (t, t ′)Sβj (t ′) (6.50)
??????????????????? χαβi j (t, t ′)?? (6.41)? χαβq (t, t ′)????
χ
αβ
i j (t, t ′) =
1
N
∑
q
eiq(ri−r j ) χαβq (t, t ′) (6.51)
?????????????????????????? Ω−1 ?????????? Si(t)?????
???????Floquet??????????
HRKKY(t) = −J2
∑
αβ
Sαi S
β
j
∑
n
e−inΩt (χαβi j )n,0(0) (6.52)
??????????? [0,T]?????????????????∫ T
0
dt
T
HRKKY(t) = −J2
∑
αβ
Sαi (χαβi j )00(0)Sβi . (6.53)
?????????? Floquet?????? RKKY????????????? (6.44)???????
?????????
6.2.3 ????????
? (6.42)???????????????????? A0 ???????????????????
??????????????????A(t) = A0 sinΩt ???????????? A????
? (6.24)??????? Λk ??A0 ?????????
(Λk)mn = δmn − vkA0iΩ
(
δmn − δm,n−1 + δm,n+12
)
+
(
vkA0
iΩ
)2 (3δmn
4
− δm,n−1 + δm,n+1
2
+
δm+1,n−1 + δm−1,n+1
8
)
+
∑
αβ
τ
αβ
k
Aα0 A
β
0
16Ω
(
δm+1,n−1 − δm−1,n+1
)
+ O(A30) (6.54)
?????????? vk = ∂εk/∂k????????ταβk = ∂2εk/∂kα∂kβ ?????????????
?? α, β? {1, 2, 3}????????????? Green???
(GRk)00(ω) =
(
1 − A
2
k
2
)
1
ω − ε0,k + iη +
A2k
4
1
ω +Ω − ε0,k + iη +
A2k
4
1
ω −Ω − ε0,k + iη (6.55)
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????lesser Green???
(G<k)00(ω) =
(1 − A2k) f (ω)
(ω − ε0,k)2 + η2 +
A2k
4
f (ω +Ω) + f (ω −Ω)
(ω − ε0,k)2 + η2
+
A2k
4
[
f (ω +Ω)
(ω +Ω − ε0,k)2 + η2 +
f (ω −Ω)
(ω −Ω − ε0,k)2 + η2
]
(6.56)
??????? Ak = vkA0/Ω ?????Γ ? η ??????????????A0 ????????
A2k/4?????? 1-???? Floquet?????? εk ±Ω???????????????????
??????????????
χq(ω) = χbaseq (ω) + χintraq (ω) + χinterq (ω) + O(A30). (6.57)
???
χbaseq (ω) =
2
N
∑
k
[
f (ε0,k+q) − f (ε0,k)
ω − (ε0,k+q − ε0,k) + 2iη
− 1
2
A2k+q f (ε0,k+q) − f (ε0,k)
ω − (ε0,k+q − ε0,k) + 2iη −
(Ak+q − Ak)2
2
f (ε0,k+q) − f (ε0,k)
ω − (ε0,k+q − ε0,k) + 2iη
]
, (6.58)
χintraq (ω) =
2
N
∑
k
[
1
4
A2k+q f (ε0,k+q +Ω) − A2k f (ε0,k +Ω)
ω − (ε0,k+q − ε0,k) + 2iη +
1
4
A2k+q f (ε0,k+q −Ω) − A2k f (ε0,k −Ω)
ω − (ε0,k+q − ε0,k) + 2iη
]
,
(6.59)
χinterq (ω) =
2
N
∑
k
[
(Ak+q − Ak)2
4
{
f (ε0,k+q) − f (ε0,k)
ω +Ω − (ε0,k+q − ε0,k) + 2iη +
f (ε0,k+q) − f (ε0,k)
ω −Ω − (ε0,k+q − ε0,k) + 2iη
}]
(6.60)
??????? (6.59)? (6.60)? A20 ???????????????? (Ω→∞)?????????
? (6.45)???????????? µ?????? ω? ±Ω???????????????????
??? Fermi ???????????? Floquet????????????????????? 6.3 ?
???????????? (6.58)–(6.60)? χbase, χintra, χinter ??????0-???? Floquet????
????????????? 1-???? Floquet????????????????0-???? Floquet
???? 1-???? Floquet?????????????????????????????????
??????A(t) = A0 sinΩt ?????????????????????????????????
6.3 ???
?????? (6.44)????????????????????????????????????
????????????? (β → ∞) ??????????? Γ = 0.05 ????Floquet ?????
????? Np ????????????????????????????? Np ∼ 10–40????
???
6.3.1 ???????
????????????????????
εk = −2(cos kx + cos k y) − µ (6.61)
6.3 ??? 75
? 6.1 ???????????????????? (a) ne = 0.25?(b) ne = 0.5?(c) ne = 0.75?
(d) ne = 1????
????????? µ????????????????????? ne ??????????????
???????????????????????????????????? N = 256 × 256????
????????????? χq ?? 6.1 ??????????????????????????
???? Fermi????????????????????? q = Q?????? χq ? q = Q??
?????????????? ne = 0.25 ????????????????????? 6.1(a) ???
???????????????????????????????? ne = 1 ????? Fermi ??
Q = (pi, pi) ???????????????????? Q = (pi, pi) ???????????????
?*2?
???????????????????????????????????? Ω????????
(= 8)???????????????????????????? (6.45)??????? (6.5)???
??????????????????????????
ε0,k = −2J0(A0)(cos kx + cos k y) − µ (6.62)
??????? Jn ? n????? Bessel???????????????????????????
????????????? Zeeman??????????????????????????????
*2 ?? q = 0 ?????????????????????????????????????? Van Hove ??????
Re χq=0 = n(0)???????? 6.1(d)??????????????????????? Γ?????????????
????
76 ? 6? ??? Floquet???????????????
? 6.2 (a) ?? q = (0, 0) ??? q = (pi, pi) ??????????????? Fermi ??????
n(0)? Bessel?? J0(A0)?????? A0 ???????????????(b)(d) ??? (c)(e) ?
???? A0 = 1.2,Ω = 20 ???????????????????????(a)–(c) ?????
(d)(e)???????????????
????????????? 6.2(c)????????????? nk ????????????? Fermi
???? (|kx | + |k y | < pi)???????????????????? 6.2(b)???????????
?????? 6.1(d)????????????? q = (pi, pi)????????? 6.2(a)? χq=(0,0) ???
χq=(pi,pi) ????????????? A0 ????????????????????????????
???????????????????????????????? 6.2(a)??????? Fermi?
???????????? n(0)? Bessel?? J0(A0)??????????χq=(0,0) ?????????
??*3????????????????????????????????????????????
?????????????????????
??????????????????????????????? Fermi???????????
????????????????????? (6.4)???????????????????????
????
ε0,k = −2
[J0(Ax0 ) cos kx + J0(Ay0 ) cos k y ] − µ (6.63)
?????????? (Ax0, Ay0 ) = (1.2, 0) ??????????????????? 6.2(d)(e) ????
*3 ??? A0 ≳ 1.6?????????????? Γ ?????????????
6.3 ??? 77
? 6.3 (a)–(c)???????? (d)–(f)??????????????? A0 = 1.2???????
?????? Ω = 4, 3, 2?(g) A0 = 1.2, Ω = 2????????????(h)?? q = (pi, pi)????
??????
???? x ????????????????????????? nk ?? 6.2(e)?????????
?????????????? q = (pi, pi)? q = (−pi, pi)????????????
????????????????????????????????????????????
??????? µ = 0 ????????? ne = 1 ???????? Ω = 2, 3, 4 ??????? χq ?
??????? nk ?? 6.3(a)–6.3(f) ????? 6.2(b)(c) ?????????? (Ω = 20) ????
? 6.3(a)(b)(d)(e)? Ω = 3, 4???? χq ? nk ?????????Ω???????? Fermi????
????????????????? q = (0, 0)????????????????????? q = (pi, pi)
???? χq ????? Fermi ??? nk ?????? Ω = 3, 4 ?????????????????
Ω ≥ 3 ?????????????????Ω = 2 ????????? Re χq=(pi,pi) < Re χq=(0,0) ??
??q/pi = (±0.5, 1), (1,±0.5)????????????????????? k = (0, 0)? k = (pi, pi)??
?????? 0.33pi ?????????????????????????????????????
? 6.3(g)????????? Floquet??????? Fermi???????????????????
????? q = (pi, pi)??????? χq ??? A0 ???????????????? 6.3(h)????
Ω = 10, 20?????????????? χq=(pi,pi) ????????????Ω = 2–5???????
??????????????????????????????????????????????
??????????????????????????????????????? nk ??????
?????????
???Ω = 2??????????????????? Floquet??????? Fermi??????
??????????? ne = 0.25 ???Ax0 = A
y
0 ???????????? 6.4 ? χq, nk, ρRk(0) ?
78 ? 6? ??? Floquet???????????????
? 6.4 ????????????? (a) ??????(b) ????????(c) ω = 0 ?????
???????????? ne = 0.25 ?????????????????????? Ax0 = A
y
0 =
0.4, 0.8, 1.2, 1.6?(a1)??? (c1)??????? q/pi = (0.5, 0.5), (0.7, 0.7)??????????
Ax0 = 0.4–1.6 ????????????????A0 ≤ 1.2 ?? 0-???? Floquet ??????? 1-
??????? 2-???? Floquet???? Fermi????????? ρRk(0)????Fermi????
????? nk ??????????0-???????????? Fermi????????? Floquet?
???????????? A0 ????????????????? nk ??????????????
Fermi???????????????????????? 6.2.3??????????Floquet???
????????????? (6.46)????????????????????????? (6.46)?
χq(ω) = 2N
∑
k
nk+q − nk
ω − (εk+q − εk) + 2iη (6.64)
????????? Fermi–Dirac ???? f (εk) ?????????????? nk ????????
?? Floquet?????? “??????????” q = Q??????? χq ???????????
????????????????? Floquet ????????? εk ??????????????
??? εk+Q − εk ?????????? |nk+Q − nk | ??????????????????????
????? Fermi ?????? kF = 0.4pi ???????? ‖k‖ ≲ 2kF ?????????????
6.3 ??? 79
? 6.5 ????????????? (a) ??????(b) ????????(c) ω = 0 ?????
???????????? ne = 1 ?????????????????????? Ax0 = A
y
0 =
0.4, 0.8, 1.2, 1.6?
[? 6.1(a)]?q = (−pi, pi)? (pi,−pi)??????????????????? A0 ?????? 0-???
????? Fermi??????????????????????? 6.4(c1)?? 0-????????
Fermi???????? (k/pi = (0.5, 0.5))??? 0-???????? 1-???????? Fermi???
??? (q/pi = (0.7, 0.7))???????? 6.4????????????? q = 0?????????
?????????????????Q/pi = (0.5, 0.5)?Q/pi = (0.7, 0.7)???? χq ???????
????????????? Ax0 > 0.8?????? (6.57)?????? A0 ????????????
??????????????????????? Fermi????????????????????
???
?????? (Ω = 2)?????????? (ne = 1)?????????????????????
?????? 6.5????ne = 0.25??????????????????????? 0-??????
??Q = (−pi, pi)??????????????? A0 ??????????????????????
???????????????????????????? ne = 0.25??????????????
? A0 ??????? Fermi??????????????????????
80 ? 6? ??? Floquet???????????????
? 6.6 ?????????? χ(r = ri −
rj )???? ne = 0.25???? ne = 1??
????????????????? Ax0 =
Ay0 = 0, 0.4, 0.8, 1.2, 1.6?
? 6.7 ?????????????????????
?????????? Ax0 = A
y
0 = pi/2 ???????
? (a)–(d) ??? (f)–(i) ???? Ω = 0.5?(e)(j) ??
?? Ω → 0 ??????????????????
? Γ = 0.05, 0.2, 0.5, 1, 0.05?(e) ??????????
???? 6.1(d) ???????(j) ?? (6.31) ????
Np = 4096 ????????(f)–(i) ? Np = 40 ????
???
? 6.2.2?????????????? χq ? Fourier??
χ(r) = 1
N
∑
q
eiqr χq (6.65)
????????? r ????????????????? RKKY ??????????????
? 6.6? Ω = 2, Ax0 = A
y
0 = 0–1.6????????????? χ(r)????????? ne = 0.25??
? [? 6.6(a)–6.6(e)]????? [? 6.6(a)]???????????????? 2pi/(2kF) ≈ 2?????
???????? χq ???????? χ(r)??????????????????????????
6.3 ??? 81
????????????????????A0 ≳ 1.2?????????????? χ(r)?????
????????????????????? ne = 1??? [? 6.6(f)–6.6(j)]????? [? 6.6(f)]?
?????????????????〈11〉 ???????????????????????????
???? χq ?? 6.5(a4)?????????????????????χ(r)? 〈11¯〉 ????????
??????
?????????????? (Ω → 0) ?????? 6.2.1 ????? 6.2.2 ??????????
???Ω → 0?? Green???? (6.31)??? (6.32)??????????? (6.46)???????
????????????? Ω > Γ ?? Ω ≲ Γ ?? Γ ????????????????????
??????? Ax0 = A
y
0 = pi/2????? Ω = 0.5??????? ne = 1 ????? 6.7(a)–6.7(d) ?
??? 6.7(f)–6.7(i) ????? Γ = 0.05–1 ?????????????????????? 6.7(j) ?
? (6.31)???? Np = 4096, Γ = 0.05???????????????????? 6.7(e)?????
???? [? 6.1(d)]????Γ = 0.05 (≪ Ω)?????? Floquet????????????????
? 6.5(a4)??????????????????? Γ ????????? Floquet?????????
???????????????Γ = 1 (> Ω = 0.5)??? [? 6.7(i)]???Ω→ 0??? [? 6.7(j)]?
????????????????????????????????? q = (0, 0)?????????
?????q = (pi, pi)????????????????????????? Ω?????????? Γ
???????????????????????????????????????????
6.3.2 ?????
??????????? Floquet????????????????????????
εk = −2 cos k − µ (6.66)
???????????????????????????? 1 ?????????? ne = 1 (µ = 0)
????????????Ω = 1????????????????? N = 1024????
???????????????????????? 6.8 ????ne = 1 ????? (A0 = 0) ?
? Fermi ??? kF = pi/2 ????k = kF ???? ρRk (0) ????? nk ????????????
??????????????? Q = 2kF = pi ???? χq=Q ???????????? 1-???
? Floquet ?????????????????????????????? A0 ????????
k = cos−1(±1/2) = pi/2 ∓ pi/6????????????????????? k = pi/2????????
A0 ≲ 0.4?? q = pi ?????????q = 5pi/6? q = 2pi/3???????
????????????????????? q = 5pi/6 ??? q = 2pi/3 ?????? “Floquet ?
???” ????????????? “Floquet ???????” ?????????????????
???????????????? 6.8(d) ??A0 = 0.2 ???? (6.42) ?????????????
?????????? (6.57)?????????????????????????????????
????*4?? (6.58)–(6.60)? χbase, χintra, χinter ????????????????????????
?????q = 5pi/6????? χinter?q = 2pi/3????? χintra ????????????????
? q/pi = 1, 0.83, 0.67 ??????? χq ??? A0 ???????????????? 6.8(e) ????
*4 ?? q = 0?????????????????????????????? [? (6.42)]??? Fourier????????
???????????????????????????? (6.57) ???????????????? (6.58)–(6.60) ?
q = 0??????? 0????
82 ? 6? ??? Floquet???????????????
? 6.8 (a)????(b)????????(c)ω = 0?????????????????Ω = 1????
??? ne = 1????(d)? (6.42)??????????????????????????? (6.57)
?????????????? (6.58)–(6.60)???? χbase, χintra, χinter ?????????????
??????????????????????? A0 = 0.2????(e) ?? q/pi = 1, 0.83, 0.67?
????????? A0 ??????????????????????????????????
?? q = pi ????????????????? A40 ???????
? (6.42)?????????????????????? (6.57)?????????????A0 ≲ 0.2
??????????????????? q = pi ?????????????????? A40 ?????
???????
?????????????????????????????????????????????
??????????????? q ???? Ak = ±vFA0/Ω = ∓Ak+q ?????????????*5?
????? (6.58)–(6.60)?
χbaseq (ω) =
(
1 − 5
2
A2F
)
χ
(0)
q (ω), (6.67)
χintraq (ω) =
A2F
4
[
χ
(0)
q (ω)

µ→µ−Ω
+ χ
(0)
q (ω)

µ→µ+Ω
]
, (6.68)
χinterq (ω) = A2F
[
χ
(0)
q (ω +Ω) + χ(0)q (ω −Ω)
]
(6.69)
???????AF = vFA0/Ω??????χ(0)q (ω)??????? (Ω→∞)??????? [? (6.45)]
????χinter ???? χintra ??? 4 ?????????? 6.8(d) ??????????????
? (6.67)–(6.69)???????????????????????????????????? 6.9?
*5 ???? (6.60)??? (Ak+q − Ak)2 ??????Ak ≈ Ak+q ????????? ‖q ‖ ????? χinterq ≈ 0????
6.3 ??? 83
? 6.9 (a)??????????χbase, χintra, χinter
??????????????????????
???????????????????????
??(b) Floquet????????????χintra ?
1-???? Floquet ??????????????
??χinter ? 0-???? Floquet???? 1-???
? Floquet??????????????????
???
? 6.10 ?????????? χ(r)?(a) ???
????(b)???????(a)????????
?????????? r ???? χ(r)?????
??? (6.65)? r ??????????????
?????(b) ????????? 1/r ????
???????? Ω = 1?
???? (6.68)? χintra ?????????? ±Ω??????????? χ(0)q ?????Floquet??
????????????????????? (6.69)? χinter ? χ(0)q (ω +Ω)? χ(0)q (ω −Ω)?????
???Floquet??????????????????????????
?????????????? [? (6.65)]?????????????????????? Γ = 0.005
?????????????????? ℓ = vF/Γ = 400?????????????????????
??????? N = 2048 (≫ ℓ)???*6??? A0 = 0–1???? χ(r)??????????? 6.10
???????? (A0 = 0)?? χ(r)??? 2pi/(2kF) = 2?????????? 1/r ????????
???????????? χq ? Floquet????????????????????????????
?? χ(r)?????????????????????????? χ(r) ∼ 1/r ???????????
???????? ne = 1?????????????????????????????????
*6 r ≳ ℓ ????? χ(r)????????????
84 ? 6? ??? Floquet???????????????
6.4 ???
??????????????Floquet????????????????? Floquet Green????
??????????????????????????????????????????????
?????
• Floquet Green ?????????Floquet ???????????????????????
? (6.42)???????????? (Ω→ 0)???????????????????????
??????????????? (Ω→ ∞)???????????????????? εk ??
????? ε0,k ?????????????
• Floquet???????????????????????????? A0 ??????????
??A0 ??????????? (6.57)–(6.60) ????A20 ????????? χbase, χintra, χinter
??????????????????????0-???????????????????
χbase?1-??????????????????? χintra?0-???????? 1-???????
???????????? χinter ????
• ? 6.3?????????????????????????????? χq ?????????
?????????? (Ω→∞)?????????????????????????????
????????? nk ?????????????????????????? Floquet???
???????????????????????????
• ????? ne = 0.25????????????? 6.4(a4)? 6.6(e)?????????????
????????????????????????????????????????? 5?
???????????????????????????????????? Stoner????
????????????????????????????????????
85
? 7?
??
?????????????????????????????????????????????
????????????????????????????? Floquet Green???????????
?????????????????????????????????????
????????????????????? 3??
?????????????????????????????????????????????
??????????????????????????????????????????????
???? Hund????????????????????????????????????????
??????????????????????????????????????????????
??????????????????????????????????????????????
?????????????? “??”?????????????????????????????
??? F0/Ω?????????????????????????????????????????
???????? F0/Ω? Gilbert???? α???????????????
??????????????????????????????? 4??
? 3???????????????????????????????????????????
??????????????????????????????????????????????
??????????????????????????????????????????????
??????????????????????????????????????????????
??????????????????????????????????????????????
??????????????????????????????????????????????
???????????????????????????????????????????
????????????????? 5??
?????????????????????????????????????????????
?????????????????? Floquet Green ?????????????????????
????????????????????????? q = (pi, pi)????????????????
??????????????????????????????????????????????
??????????????????????????????? q = (pi, pi)???????????
Stoner???????????????????????????????????????????
86 ? 7? ??
??????????????????????????????????? [? 3.2(e)]??????
?????
???????????????????????? 6??
? 3–5??????????????????????????????????????????
??????????????????Floquet Green???????????? Floquet??????
??????????????????????????????????????????????
???????????????????????????????????????????????
??????????????????????????????????????????????
?????????????????????????????????????? Floquet ????
“Fermi?”????????????? “??????????”?????????????????
????
?????????????????????????????????????????????
??????????????????????????????????????????????
??????????????????????? Floquet????????????????????
??????????????????????????????????????????????
????????????????
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?? A
????????????
? (6.24)???????????? Λk ?????????? A0 = ‖A0‖ ???????????*1?
? 6.2.3?????????????? (6.57)–(6.60)??????????????????????
?????
A(t) = A0 sinΩt, A0 = A0a (A.1)
??????? a?????????????????A0 ????????? t ??????????
??? εk(t) = εk−A(t) ?????????????????????????? Λk ??? k ????
??Λ?????????
∂ε0,k
∂A0

A0=0
=
∫ pi
−pi
dz
2pi
∂εk−A0a sin z
∂A0

A0=0
=
∫ pi
−pi
dz
2pi
∂(k − A0a sin z)
∂A0
∂εk−A0a sin z
∂(k − A0a sin z)

A0=0
= (−avk)
∫ pi
−pi
dz
2pi
sin z
= 0 (A.2)
???????
∂Λmn
∂A0

A0=0
=
∫ pi
−pi
dx
2pi
ei(m−n)x
∂
∂A0
exp
[
1
iΩ
∫ x
0
dz (εk−A0a sin z − ε0,k)
] 
A0=0
=
∫ pi
−pi
dx
2pi
ei(m−n)x
1
iΩ
∫ x
0
dz′ [vk · (−a sin z′)]
= −vka
iΩ
∫ pi
−pi
dx
2pi
ei(m−n)x(1 − cos x)
= −vka
iΩ
[
δmn − δm,n−1 + δm,n+12
]
(A.3)
??????????
Λmn = Λmn |A0=0 +
∂Λmn
∂A0

A0=0
A0 + O(A20)
= δmn − vkaiΩ
(
δmn − δm,n−1 + δm,n+12
)
A0 + O(A20) (A.4)
*1 ??????????????? ε0,k ??? A0 ?????????????????? A20 ?????????????
????????????Λ???????????????? A0 ???? Ak = vkA0/Ω?????????????
?????? ε0,k ? A0 ????????????????
88 ?? A ????????????
???????∑
l
ΛmlΛ∗nl =
∑
l
[
δml − vkaiΩ
(
δml − δm,l−1 + δm,l+12
)
A0
] [
δnl +
vka
iΩ
(
δnl − δn,l−1 + δn,l+12
)
A0
]
+ O(A20)
=
∑
l
δmlδnl − vkaA0iΩ
∑
l
[(
δml − δm,l−1 + δm,l+12
)
δnl − δml
(
δnl −
δn,l−1 + δn,l+1
2
)]
+ O(A20)
= δmn + O(A20) (A.5)
???? A0 ???????????????????????????????? Green???
(GRk)mn(ω) =
∑
l
Λ∗
ml
Λnl
ω + lΩ − ε0,k + iη
≈ δmn
ω + nΩ − ε0,k + iη −
vkaA0
iΩ
∑
l
(
δml − δm,l−1 + δm,l+12
)
δnl − δml
(
δnl − δn,l−1 + δn,l+12
)
ω + lΩ − ε0,k + iη
=
δmn
ω + nΩ − ε0,k + iη −
vkaA0
iΩ

δmn − δm,n−1 + δm,n+12
ω + nΩ − ε0,k + iη −
δnm − δn,m−1 + δn,m+12
ω + mΩ − ε0,k + iη

=
δmn
ω + nΩ − ε0,k + iη −
(
δm,n+1 + δm,n−1
) vkaA0
2iΩ
[
1
ω + mΩ − ε0,k + iη −
1
ω + nΩ − ε0,k + iη
]
(A.6)
????????
Λml1Λ
∗
l2l1
Λl2l3Λ
∗
nl3
=
[
δml1δl2l1 −
vkA0
2iΩ
{
δml1 (δl2,l1−1 + δl2,l1+1) − (δm,l1−1 + δm,l1+1)δl2l1
}]
×
[
δl2l3δnl3 −
vkA0
2iΩ
{
δl2l3 (δn,l3−1 + δn,l3+1) − (δl2,l3−1 + δl2,l3+1)δnl3
}]
= δml1δl1l2δl2l3δl3n −
vkA0
2iΩ
[
δml1δl1l2
{
δl2l3(δl3−1,n + δl3+1,n) − (δl2,l3−1 + δl2,l3+1)δl3n
}
+
{
δml1 (δl1−1,l2 + δl1+1,l2 ) − (δm,l1−1 + δm,l1+1)δl1l2
}
δl2l3δl3n
]
+ O(A20) (A.7)
??????????lesser Green???????????
(G<k)mn(ω) =
∑
l1l2l3
2iη f (ω + l2Ω)Λml1Λ∗l2l1Λl2l3Λ∗nl3
(ω + l1Ω − ε0,k + iη)(ω + l3Ω − ε0,k − iη)
≈ 2iη f (ω + nΩ)δmn(ω + nΩ − ε0,k)2 + η2
− 2iηvkA0
2iΩ
[
f (ω + mΩ)(δm−1,n + δm+1,n)
(ω + mΩ − ε0,k)2 + η2 −
f (ω + nΩ)(δm,n−1 + δm,n+1)
(ω + nΩ − ε0,k)2 + η2
− f (ω + mΩ)(δm,n−1 + δm,n+1)(ω + mΩ − ε0,k + iη)(ω + nΩ − ε0,k − iη) +
f (ω + nΩ)(δm−1,n + δm+1,n)
(ω + mΩ − ε0,k + iη)(ω + nΩ − ε0,k − iη)
]
.
(A.8)
????????? A0 ??????????????????? m = n?????? A0 ?????
???????????????? GRG< ? G<GA ??????????? O(A10)?????????
???????????????????????? Λ???? A0 ???????????????
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??????
∂2εk−0a sin z′
∂A20
=
∂
∂A0
∂(k −0 a sin z′)
∂A0
· ∂εk−0a sin z′
∂(k −0 a sin z′)
=
∂
∂A0
∑
α
(−aα sin z′)vαk−A0a sin z′
=
∑
α
(−aα sin z′)∂(k − A0a sin z
′)
∂A0
·
∂vα
k−A0a sin z′
∂(k − A0a sin z′)
=
∑
αβ
(−aα sin z′)(−aβ sin z′)ταβ
k−A0a sin z′
(
τ
αβ
k
=
∂2εk
∂kβ∂kα
)
(A.9)
???
∂2ε0,k
∂A20

A0=0
=
∫ pi
−pi
dz
2pi
∂2εk−A0a sin z
∂A20

A0=0
=
∑
αβ
(−aα)(−aβ)ταβ
k
∫ pi
−pi
dz
2pi
sin2 z =
aαaβταβ
k
2
(A.10)
????
∂2Λmn
∂A20

A0=0
=
∫ pi
−pi
dx
2pi
ei(m−n)x
∂2
∂A20
exp
[
1
iΩ
∫ x
0
dz (εk−A0a sin z − ε0,k)
] 
A0=0
=
∫ pi
−pi
dx
2pi
ei(m−n)x exp
(
1
iΩ
∫ x
0
dz (εk(z/Ω) − ε0,k)
)
×
[
1
(iΩ)2
{∫ x
0
dz′
(
∂εk−A0a sin z′
∂A0
− ∂ε0,k
∂A0
)}2
+
1
iΩ
∫ x
0
dz′
(
∂2εk−A0a sin z′
∂A20
− ∂
2ε0,k
∂A20
)] 
A0=0
=
∫ pi
−pi
dx
2pi
ei(m−n)x
[
1
(iΩ)2
(∫ x
0
dz′ (−vka) sin z′
)2
+
∑
αβ
aαaβταβ
k
iΩ
∫ x
0
dz′
(
sin2 z′ − 1
2
)]
=
∫ pi
−pi
dx
2pi
ei(m−n)x
[(−vka
iΩ
)2(1 − cos x)2 − aαaβταβk
iΩ
sin x cos x
2
]
=
∫ pi
−pi
dx
2pi
ei(m−n)x
[(−vka
iΩ
)2{3
2
− (eix + e−ix) + e
2ix + e−2ix
4
}
− a
αaβταβ
k
iΩ
e2ix − e−2ix
8i
]
=
(vka
iΩ
)2 [3
2
δmn − (δm−n,−1 + δm−n,1) + δm−n,−2 + δm−n,24
]
+
aαaβταβ
k
8Ω
(δm−n,−2 − δm−n,2)
(A.11)
????????????????Λmn ?
Λmn = Λmn |A0=0 +
∂Λmn
∂A0

A0=0
A0 +
1
2
∂2Λmn
∂A20

A0=0
A20 + O(A30)
= δmn − vkA0iΩ
(
δmn − δm,n−1 + δm,n+12
)
+
(
vkA0
iΩ
)2 (3
4
δmn − δm,n−1 + δm,n+12 +
δm,n−2 + δm,n+2
8
)
+
Aα0 A
β
0 τ
αβ
k
16Ω
(δm,n−2 − δm,n+2) + O(A30)
(A.12)
90 ?? A ????????????
????????????? A0 ????????????????????????∑
l
ΛmlΛ∗nl
→ −
(
vkA0
iΩ
)2∑
l
(
δml − δm,l−1 + δm,l+12
) (
δnl − δn,l−1 + δn,l+12
)
+
∑
l
[
δml
(
vkA0
−iΩ
)2 (3
4
δnl − δn,l−1 + δn,l+12 +
δn,l−2 + δn,l+2
8
)
+ δml
Aα0 A
β
0 τ
αβ
k
16Ω
(δn,l−2 − δn,l+2)
+
(
vkA0
iΩ
)2 (3
4
δml − δm,l−1 + δm,l+12 +
δm,l−2 + δm,l+2
8
)
δnl +
Aα0 A
β
0 τ
αβ
k
16Ω
(δm,l−2 − δm,l+2)δnl
]
=
(
vkA0
Ω
)2 [
δmn − 12
(
δm,l−1 + δm,n+1 + δn,m−1 + δn,m+1
)
+
1
4
(
δmn + δm+1,n−1 + δm−1,n+1 + δmn
) ]
−
(
vkA0
Ω
)2 (3
4
δmn − δn,m−1 + δn,m+12 +
δm−1,n+1 + δm+1,n−1
8
)
+
e2Aα0 A
β
0 τ
αβ
k
16Ω
(δn,m−2 − δn,m+2)
−
(
vkA0
Ω
)2 (3
4
δmn − δm,n−1 + δm,n+12 +
δm+1,n−1 + δm−1,n+1
8
)
+
Aα0 A
β
0 τ
αβ
k
16Ω
(δm,n−2 − δm,n+2)
= 0 (A.13)
??????? Λ???????????? Green??? A0 ??????
(GRk)(2)mn(ω) =
∑
l
1
ω + lΩ − ε0,k + iη
[ Aα0 Aβ0 ταβk
16Ω
{
δml(δn,l−2 − δn,l+2) + (δm,l−2 − δm,l+2)δnl
}
+
(
vkA0
Ω
)2{
δmlδnl − 12
(
δmlδn,l−1 + δmlδn,l+1 + δm,l−1δnl + δm,l+1δnl
)
+
1
4
(
δm,l−1δn,l−1 + δm,l−1δn,l+1 + δm,l+1δn,l−1 + δm,l+1δn,l+1
)
− δml
(
3
4
δnl − δn,l−1 + δn,l+12 +
δn,l−2 + δn,l+2
8
)
−
(
3
4
δml − δm,l−1 + δm,l+12 +
δm,l−2 + δm,l+2
8
)
δnl
}]
=
(
vkA0
Ω
)2 [ −δmn/2
ω + nΩ − ε0,k + iη +
δmn/4
ω + (n + 1)Ω − ε0,k + iη +
δmn/4
ω + (n − 1)Ω − ε0,k + iη
]
+ δm−1,n+1

1
4
(
vkA0
Ω
)2
ω + (n + 1)Ω − ε0,k + iη −
1
8
(
vkA0
Ω
)2 − Aα0 Aβ0 ταβk16Ω
ω + mΩ − ε0,k + iη −
1
8
(
vkA0
Ω
)2
+
Aα0 A
β
0 τ
αβ
k
16Ω
ω + nΩ − ε0,k + iη

+ δm+1,n−1

1
4
(
vkA0
Ω
)2
ω + (n − 1)Ω − ε0,k + iη −
1
8
(
vkA0
Ω
)2
+
Aα0 A
β
0 τ
αβ
k
16Ω
ω + mΩ − ε0,k + iη −
1
8
(
vkA0
Ω
)2 − Aα0 Aβ0 ταβk16Ω
ω + nΩ − ε0,k + iη

(A.14)
???????????
(GRk)00(ω) =
1 − 1
2
(
vkA0
Ω
)2
ω − ε0,k + iη +
1
4
(
vkA0
Ω
)2
ω +Ω − ε0,k + iη +
1
4
(
vkA0
Ω
)2
ω −Ω − ε0,k + iη (A.15)
???????????????????? (vkA0)2 ≤ 2Ω2 ?????????
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Lesser Green?????????????????????????????
Λml1Λ
∗
l2l1
Λl2l3Λ
∗
nl3
=
[
δml1δl2l1 −
vkA0
2iΩ
{
δml1 (δl2,l1−1 + δl2,l1+1) − (δm,l1−1 + δm,l1+1)δl2l1
}
+
(
vkA0
Ω
)2 (
δml1 −
δm,l1−1 + δm,l1+1
2
) (
δl2l1 −
δl2,l1−1 + δl2,l1+1
2
)
−
(
vkA0
Ω
)2
δml1
(
3
4
δl2l1 −
δl2,l1−1 + δl2,l1+1
2
+
δl2,l1−2 + δl2,l1+2
8
)
+
Aα0 A
β
0 τ
αβ
k
16Ω
δml1 (δl2,l1−2 − δl2,l1+2)
−
(
vkA0
Ω
)2 (3
4
δml1 −
δm,l1−1 + δm,l1+1
2
+
δm,l1−2 + δm,l1+2
8
)
δl2l1 +
Aα0 A
β
0 τ
αβ
k
16Ω
(δm,l1−2 − δm,l1+2)δl2l1
]
×
[
δl2l3δnl3 −
vkA0
2iΩ
{
δl2l3 (δn,l3−1 + δn,l3+1) − (δl2,l3−1 + δl2,l3+1)δnl3
}
+
(
vkA0
Ω
)2 (
δl2l3 −
δl2,l3−1 + δl2,l3+1
2
) (
δnl3 −
δn,l3−1 + δn,l3+1
2
)
−
(
vkA0
Ω
)2
δl2l3
(
3
4
δnl3 −
δn,l3−1 + δn,l3+1
2
+
δn,l3−2 + δn,l3+2
8
)
+
Aα0 A
β
0 τ
αβ
k
16Ω
δl2l3 (δn,l3−2 − δn,l3+2)
−
(
vkA0
Ω
)2 (3
4
δl2l3 −
δl2,l3−1 + δl2,l3+1
2
+
δl2,l3−2 + δl2,l3+2
8
)
δnl3 +
Aα0 A
β
0 τ
αβ
k
16Ω
(δl2,l3−2 − δl2,l3+2)δnl3
]
= δml1δl2l1δl2l3δnl3
− vkA0
2iΩ
[{
δml1 (δl2,l1−1 + δl2,l1+1) − (δm,l1−1 + δm,l1+1)δl2l1
}
δl2l3δnl3
+ δml1δl2l1
{
δl2l3 (δn,l3−1 + δn,l3+1) − (δl2,l3−1 + δl2,l3+1)δnl3
}]
+
(
vkA0
2iΩ
)2 [
δml1 (δl2,l1−1 + δl2,l1+1) − (δm,l1−1 + δm,l1+1)δl2l1
]
× [δl2l3 (δn,l3−1 + δn,l3+1) − (δl2,l3−1 + δl2,l3+1)δnl3 ]
+
(
vkA0
Ω
)2 [(
δml1 −
δm,l1−1 + δm,l1+1
2
) (
δl2l1 −
δl2,l1−1 + δl2,l1+1
2
)
δl2l3δnl3
− δml1
(
3
4
δl2l1 −
δl2,l1−1 + δl2,l1+1
2
+
δl2,l1−2 + δl2,l1+2
8
)
δl2l3δnl3
−
(
3
4
δml1 −
δm,l1−1 + δm,l1+1
2
+
δm,l1−2 + δm,l1+2
8
)
δl2l1δl2l3δnl3
+ δml1δl2l1
(
δl2l3 −
δl2,l3−1 + δl2,l3+1
2
) (
δnl3 −
δn,l3−1 + δn,l3+1
2
)
− δml1δl2l1δl2l3
(
3
4
δnl3 −
δn,l3−1 + δn,l3+1
2
+
δn,l3−2 + δn,l3+2
8
)
− δml1δl2l1
(
3
4
δl2l3 −
δl2,l3−1 + δl2,l3+1
2
+
δl2,l3−2 + δl2,l3+2
8
)
δn,l3
]
+
e2Aα0 A
β
0 τ
αβ
k
16Ω
[
δml1 (δl2,l1−2 − δl2,l1+2)δl2l3δnl3 + (δm,l1−2 − δm,l1+2)δl2l1δl2l3δnl3
+ δml1δl2l1δl2l3(δn,l3−2 − δn,l3+2) + δml1δl2l1 (δl2,l3−2 − δl2,l3+2)δnl3
]
(A.16)
92 ?? A ????????????
?????? A0 ????????? (G<k)(2)mn(ω)??????????
(G<k)(2)mn(ω)/(2iη)
=
∑
l1l2l3
f (ω + l2Ω)
(ω + l1Ω − ε0,k + iη)(ω + l3Ω − ε0,k − iη)
×
(
vkA0
Ω
)2 [{
δml1δl1l2 −
1
2
(
δml1δl1−1,l2 + δml1δl1+1,l2 + δm,l1−1δl1l2 + δm,l1+1δl1l2
)
+
1
4
(
δm,l1−1δl1−1,l2 + δm,l1−1δl1+1,l2 + δm,l1+1δl1−1,l2 + δm,l1+1δl1+1,l2
)}
δl2l3δl3n
− δml1
(
3
4
δl1l2 −
δl1−1,l2 + δl1+1,l2
2
+
δl1−2,l2 + δl1+2,l2
8
)
δl2l3δl3n
−
(
3
4
δml1 −
δm,l1−1 + δm,l1+1
2
+
δm,l1−2 + δm,l1+2
8
)
δl1,l2δl2l3δl3n
+ δml1δl1l2
{
δl2l3δl3n −
1
2
(
δl2l3δl3−1,n + δl2l3δl3+1,n + δl2,l3−1δl3n + δl2,l3+1δl3n
)
+
1
4
(
δl2,l3−1δl3−1,n + δl2,l3−1δl3+1,n + δl2,l3+1δl3−1,n + δl2,l3+1δl3+1,n
)}
− δml1δl1l2δl2l3
(
3
4
δl3n −
δl3−1,n + δl3+1,n
2
+
δl3−2,n + δl3+2,n
8
)
− δml1δl1l2
(
3
4
δl2l3 −
δl2,l3−1 + δl2,l3+1
2
+
δl2,l3−2 + δl2,l3+2
8
)
δl3n
− 1
4
{
δml1 (δl1−1,l2 + δl1+1,l2 ) − (δm,l1−1 + δm,l1+1)δl1l2
}{
δl2l3 (δl3−1,n + δl3+1,n) − (δl2,l3−1 + δl2,l3+1)δl3n
}︸                                                                                                                             ︷︷                                                                                                                             ︸
[δml1 δl1−1, l2+δml1 δl1+1, l2−δm, l1−1δl1 l2−δm, l1+1δl1 l2 ][δl2 l3 δl3−1,n+δl2 l3 δl3+1,n−δl2, l3−1δl3n−δl2, l3+1δl3n]
+
e2Aα0 A
β
0 τ
αβ
k
16Ω
[
δml1 (δl1−2,l2 − δl1+2,l2 )δl2l3δl3n + (δm,l1−2 − δm,l1+2)δl1l2δl2l3δl3n
+ δml1δl1l2δl2l3 (δl3−2,n − δl3+2,n) + δml1δl1l2 (δl2,l3−2 − δl2,l3+2)δl3n
]
. (A.17)
????????????? z± = ω − ε0,k ± iη ????????????
(G<k)(2)mn(ω)/(2iη)
=
(
vkA0
Ω
)2 [
δmn f (ω + nΩ)
(z+ + nΩ)(z− + nΩ)︸                    ︷︷                    ︸
(1a)
− 1
2
{
δm−1,n f (ω + nΩ)
(z+ + mΩ)(z− + nΩ)︸                     ︷︷                     ︸
(5c)
+
δm+1,n f (ω + nΩ)
(z+ + mΩ)(z− + nΩ)︸                     ︷︷                     ︸
(4c)
+
δm,n−1 f (ω + nΩ)
(z+ + nΩ)(z− + nΩ)︸                    ︷︷                    ︸
(4d)
+
δm,n+1 f (ω + nΩ)
(z+ + nΩ)(z− + nΩ)︸                    ︷︷                    ︸
(5d)
}
+
1
4
{
δmn f (ω + nΩ)
(z+ + (n + 1)Ω)(z− + nΩ)︸                            ︷︷                            ︸
(1c)
+
δm+1,n−1 f (ω + nΩ)
(z+ + (m + 1)Ω)(z− + nΩ)︸                            ︷︷                            ︸
(2d)
+
δm−1,n+1 f (ω + nΩ)
(z+ + (m − 1)Ω)(z− + nΩ)︸                            ︷︷                            ︸
(3e)
+
δmn f (ω + nΩ)
(z+ + (n − 1)Ω)(z + nΩ)︸                          ︷︷                          ︸
(1d)
}
− 3
4
δmn f (ω + nΩ)
(z+ + nΩ)(z− + nΩ)︸                    ︷︷                    ︸
(1a)
+
1
2
{
δm−1,n f (ω + nΩ)
(z+ + mΩ)(z− + nΩ)︸                     ︷︷                     ︸
(5c)
+
δm+1,n f (ω + nΩ)
(z+ + mΩ)(z− + nΩ)︸                     ︷︷                     ︸
(4c)
}
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− 1
8
{
δm−1,n+1 f (ω + nΩ)
(z+ + mΩ)(z− + nΩ)︸                     ︷︷                     ︸
(3c)
+
δm+1,n−1 f (ω + nΩ)
(z+ + mΩ)(z− + nΩ)︸                     ︷︷                     ︸
(2c)
}
− 3
4
δmn f (ω + nΩ)
(z+ + nΩ)(z− + nΩ)︸                    ︷︷                    ︸
(1a)
+
1
2
{
δm,n−1 f (ω + nΩ)
(z+ + nΩ)(z− + nΩ)︸                    ︷︷                    ︸
(4d)
+
δm,n+1 f (ω + nΩ)
(z+ + nΩ)(z− + nΩ)︸                    ︷︷                    ︸
(5d)
}
− 1
8
{
δm+1,n−1 f (ω + nΩ)
(z+ + nΩ)(z− + nΩ)︸                    ︷︷                    ︸
(2b)
+
δm−1,n+1 f (ω + nΩ)
(z+ + nΩ)(z− + nΩ)︸                    ︷︷                    ︸
(3b)
}
+
δmn f (ω + nΩ)
(z+ + nΩ)(z− + nΩ)︸                    ︷︷                    ︸
(1a)
− 1
2
{
δm−1,n f (ω + mΩ)
(z+ + mΩ)(z− + mΩ)︸                      ︷︷                      ︸
(5a)
+
δm+1,n f (ω + mΩ)
(z+ + mΩ)(z− + mΩ)︸                      ︷︷                      ︸
(4a)
+
δm,n−1 f (ω + mΩ)
(z+ + mΩ)(z− + nΩ)︸                     ︷︷                     ︸
(4b)
+
δm,n+1 f (ω + mΩ)
(z+ + mΩ)(z− + nΩ)︸                     ︷︷                     ︸
(5b)
}
+
1
4
{
δmn f (ω + nΩ)
(z+ + nΩ)(z− + (n + 1)Ω)︸                            ︷︷                            ︸
(1e)
+
δm+1,n−1 f (ω + mΩ)
(z+ + mΩ)(z− + (n − 1)Ω)︸                            ︷︷                            ︸
(2e)
+
δm−1,n+1 f (ω + mΩ)
(z+ + mΩ)(z− + (n + 1)Ω)︸                            ︷︷                            ︸
(3d)
+
δmn f (ω + nΩ)
(z+ + nΩ)(z− + (n − 1)Ω)︸                            ︷︷                            ︸
(1f)
}
− 3
4
δmn f (ω + nΩ)
(z+ + nΩ)(z− + nΩ)︸                    ︷︷                    ︸
(1a)
+
1
2
{
δm−1,n f (ω + mΩ)
(z+ + mΩ)(z− + mΩ)︸                      ︷︷                      ︸
(5a)
+
δm+1,n f (ω + mΩ)
(z+ + mΩ)(z− + mΩ)︸                      ︷︷                      ︸
(4a)
}
− 1
8
{
δm+1,n−1 f (ω + mΩ)
(z+ + mΩ)(z− + mΩ)︸                      ︷︷                      ︸
(2a)
+
δm−1,n+1 f (ω + mΩ)
(z+ + mΩ)(z− + mΩ)︸                      ︷︷                      ︸
(3a)
}
− 3
4
δmn f (ω + nΩ)
(z+ + nΩ)(z− + nΩ)︸                    ︷︷                    ︸
(1a)
+
1
2
{
δm,n−1 f (ω + mΩ)
(z+ + mΩ)(z− + nΩ)︸                     ︷︷                     ︸
(4b)
+
δm,n+1 f (ω + mΩ)
(z+ + mΩ)(z− + nΩ)︸                     ︷︷                     ︸
(5b)
}
− 1
8
{
δm+1,n−1 f (ω + mΩ)
(z+ + mΩ)(z− + nΩ)︸                     ︷︷                     ︸
(2c)
+
δm−1,n+1 f (ω + mΩ)
(z+ + mΩ)(z− + nΩ)︸                     ︷︷                     ︸
(3c)
}
− 1
4
{
δm−1,n+1 f (ω + (m − 1)Ω)
(z+ + mΩ)(z− + (n + 1)Ω)︸                            ︷︷                            ︸
(3d)
+
δmn f (ω + (n − 1)Ω)
(z+ + nΩ)(z− + (n − 1)Ω)︸                            ︷︷                            ︸
(1f)
− δmn f (ω + (m − 1)Ω)(z+ + mΩ)(z− + nΩ)︸                      ︷︷                      ︸
(1b)
− δm−1,n+1 f (ω + (m − 1)Ω)(z+ + mΩ)(z− + nΩ)︸                            ︷︷                            ︸
(3c)
+
δmn f (ω + (n + 1)Ω)
(z+ + nΩ)(z− + (n + 1)Ω)︸                            ︷︷                            ︸
(1e)
+
δm+1,n−1 f (ω + (m + 1)Ω)
(z+ + mΩ)(z− + (n − 1)Ω)︸                            ︷︷                            ︸
(2e)
− δm+1,n−1 f (ω + (m + 1)Ω)(z+ + mΩ)(z− + nΩ)︸                            ︷︷                            ︸
(2c)
− δmn f (ω + (m + 1)Ω)(z+ + mΩ)(z− + nΩ)︸                      ︷︷                      ︸
(1b)
− δmn f (ω + (n + 1)Ω)(z+ + (n + 1)Ω)(z− + (n + 1)Ω)︸                                   ︷︷                                   ︸
(1g)
− δm+1,n−1 f (ω + (m + 1)Ω)(z+ + (m + 1)Ω)(z− + (n − 1)Ω)︸                                    ︷︷                                    ︸
(2f)
+
δm+1,n−1 f (ω + (m + 1)Ω)
(z+ + (m + 1)Ω)(z− + nΩ)︸                            ︷︷                            ︸
(2d)
+
δmn f (ω + (n + 1)Ω)
(z+ + (n + 1)Ω)(z− + nΩ)︸                            ︷︷                            ︸
(1c)
− δm−1,n+1 f (ω + (m − 1)Ω)(z+ + (m − 1)Ω)(z− + (n + 1)Ω)︸                                    ︷︷                                    ︸
(3f)
− δmn f (ω + (n − 1)Ω)(z+ + (n − 1)Ω)(z− + (n − 1)Ω)︸                                   ︷︷                                   ︸
(1h)
+
δmn f (ω + (n − 1)Ω)
(z+ + (n − 1)Ω)(z− + nΩ)︸                            ︷︷                            ︸
(1d)
+
δm−1,n+1 f (ω + (m − 1)Ω)
(z+ + (m − 1)Ω)(z− + nΩ)︸                            ︷︷                            ︸
(3e)
}]
94 ?? A ????????????
+
Aα0 A
β
0 τ
αβ
k
16Ω
[
δm−1,n+1 f (ω + nΩ)
(z+ + mΩ)(z− + nΩ)︸                     ︷︷                     ︸
(3c)
− δm+1,n−1 f (ω + nΩ)(z+ + mΩ)(z− + nΩ)︸                     ︷︷                     ︸
(2c)
+
δm+1,n−1 f (ω + nΩ)
(z+ + nΩ)(z− + nΩ)︸                    ︷︷                    ︸
(2b)
− δm−1,n+1 f (ω + nΩ)(z+ + nΩ)(z− + nΩ)︸                    ︷︷                    ︸
(3b)
+
δm−1,n+1 f (ω + mΩ)
(z+ + mΩ)(z− + mΩ)︸                      ︷︷                      ︸
(3a)
− δm+1,n−1 f (ω + mΩ)(z+ + mΩ)(z− + mΩ)︸                      ︷︷                      ︸
(2a)
+
δm+1,n−1 f (ω + mΩ)
(z+ + mΩ)(z− + nΩ)︸                     ︷︷                     ︸
(2c)
− δm−1,n+1 f (ω + mΩ)(z+ + mΩ)(z− + nΩ)︸                     ︷︷                     ︸
(3c)
]
(A.18)
?? 62??????????? δmn ??????????????????????????????
???????????????????????????????? (4)? (5)??????? 16?
????????????????????? (1)?????? δmn ??? 18???????????
??????????
(1a) =
(
1 − 3
4
− 3
4
+ 1 − 3
4
− 3
4
)
× δmn f (ω + nΩ)(z+ + nΩ)(z− + nΩ) = −
δmn f (ω + nΩ)
(z+ + nΩ)(z− + nΩ), (A.19)
(1b) =
δmn
4
f (ω + (n + 1)Ω) + f (ω + (n − 1)Ω)
(z+ + nΩ)(z− + nΩ) , (A.20)
(1c) + (1d) =
δmn
4
f (ω + nΩ) − f (ω + (n + 1)Ω)
(z+ + (n + 1)Ω)(z− + nΩ) +
δmn
4
f (ω + nΩ) − f (ω + (n − 1)Ω)
(z+ + (n − 1)Ω)(z− + nΩ) , (A.21)
(1e) + (1f) =
δmn
4
f (ω + nΩ) − f (ω + (n + 1)Ω)
(z+ + nΩ)(z− + (n + 1)Ω) +
δmn
4
f (ω + nΩ) − f (ω + (n − 1)Ω)
(z+ + nΩ)(z− + (n − 1)Ω) , (A.22)
(1g) + (1h) =
δmn
4
f (ω + (n + 1)Ω)
(z+ + (n + 1)Ω)(z− + (n + 1)Ω) +
δmn
4
f (ω + (n − 1)Ω)
(z+ + (n − 1)Ω)(z− + (n − 1)Ω) . (A.23)
??????lesser Green????????
(G<k)00(ω) =
2iη
(ω − ε0,k)2 + η2 ×
[{
1 −
(
vkA0
Ω
)2}
f (ω) +
(
vkA0
Ω
)2 f (ω +Ω) + f (ω −Ω)
4
]
+
1
4
(
vkA0
Ω
)2 [ 2iη f (ω +Ω)
(ω +Ω − ε0,k)2 + η2 +
2iη f (ω −Ω)
(ω −Ω − ε0,k)2 + η2
]
+
2iη
4
(
vkA0
Ω
)2 [ f (ω) − f (ω +Ω)
(ω +Ω − ε0,k + iη)(ω − ε0,k − iη) +
f (ω) − f (ω −Ω)
(ω −Ω − ε0,k + iη)(ω − ε0,k − iη)
+
f (ω) − f (ω +Ω)
(ω − ε0,k + iη)(ω +Ω − ε0,k − iη) +
f (ω) − f (ω −Ω)
(ω − ε0,k + iη)(ω −Ω − ε0,k − iη)
]
(A.24)
????
??? δm+1,n−1 ? δm−1,n+1 ??? 62 − (16 + 18) = 28?????δm+1,n−1 ????????????
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????
(2a) = −
[
1
8
(
vkA0
Ω
)2
+
Aα0 A
β
0 τ
αβ
k
16Ω
]
f (ω + mΩ)
(z+ + mΩ)(z− + mΩ), (A.25)
(2b) = −
[
1
8
(
vkA0
Ω
)2
− A
α
0 A
β
0 τ
αβ
k
16Ω
]
f (ω + nΩ)
(z+ + nΩ)(z− + nΩ), (A.26)
(2c) =
(
vkA0
Ω
)2 2 f (ω + (m + 1)Ω) − f (ω + mΩ) − f (ω + nΩ)
8(z+ + mΩ)(z− + nΩ) +
Aα0 A
β
0 τ
αβ
k
16Ω
f (ω + mΩ) − f (ω + nΩ)
(z+ + mΩ)(z− + nΩ) ,
(A.27)
(2d) + (2e) =
1
4
(
vkA0
Ω
)2 [ f (ω + nΩ) − f (ω + (m + 1)Ω)
(z+ + (m + 1)Ω)(z− + nΩ) +
f (ω + mΩ) − f (ω + (n − 1)Ω)
(z+ + mΩ)(z− + (n − 1)Ω)
]
, (A.28)
(2f) =
1
4
(
vkA0
Ω
)2 f (ω + (m + 1)Ω)
(z+ + (m + 1)Ω)(z− + (n − 1)Ω) . (A.29)
????δm−1,n+1 ??????????????????
(3a) = −
[
1
8
(
vkA0
Ω
)2
− A
α
0 A
β
0 τ
αβ
k
16Ω
]
f (ω + mΩ)
(z+ + mΩ)(z− + mΩ), (A.30)
(3b) = −
[
1
8
(
vkA0
Ω
)2
+
Aα0 A
β
0 τ
αβ
k
16Ω
]
f (ω + nΩ)
(z+ + nΩ)(z− + nΩ), (A.31)
(3c) =
(
vkA0
Ω
)2 2 f (ω + (n + 1)Ω) − f (ω + mΩ) − f (ω + nΩ)
8(z+ + mΩ)(z− + nΩ) −
Aα0 A
β
0 τ
αβ
k
16Ω
f (ω + mΩ) − f (ω + nΩ)
(z+ + mΩ)(z− + nΩ) ,
(A.32)
(3d) + (3e) =
1
4
(
vkA0
Ω
)2 [ f (ω + mΩ) − f (ω + (n + 1)Ω)
(z+ + mΩ)(z− + (n + 1)Ω) +
f (ω + nΩ) − f (ω + (m − 1)Ω)
(z+ + (m − 1)Ω)(z− + nΩ)
]
, (A.33)
(3f) =
1
4
(
vkA0
Ω
)2 f (ω + (m − 1)Ω)
(z+ + (m − 1)Ω)(z− + (n + 1)Ω) . (A.34)
???????????????? Green???????????????
(GRk)mn(ω)
=
[
1 − 1
2
(
vkA0
Ω
)2]
δmn
ω + nΩ − ε0,k + iη
+
1
4
(
vkA0
Ω
)2 [
δmn
ω + (n + 1)Ω − ε0,k + iη +
δmn
ω + (n − 1)Ω − ε0,k + iη
]
+ (δm,n+1 + δm,n−1) ivkA02Ω
(
1
ω + mΩ − ε0,k + iη −
1
ω + nΩ − ε0,k + iη
)
+ δm+1,n−1

1
4
(
vkA0
Ω
)2
ω + (n − 1)Ω − ε0,k + iη −
1
8
(
vkA0
Ω
)2
+
τ
αβ
k
Aα0 A
β
0
16Ω
ω + mΩ − ε0,k + iη −
1
8
(
vkA0
Ω
)2 − ταβk Aα0 Aβ016Ω
ω + nΩ − ε0,k + iη

+ δm−1,n+1

1
4
(
vkA0
Ω
)2
ω + (n + 1)Ω − ε0,k + iη −
1
8
(
vkA0
Ω
)2 − ταβk Aα0 Aβ016Ω
ω + mΩ − ε0,k + iη −
1
8
(
vkA0
Ω
)2
+
τ
αβ
k
Aα0 A
β
0
16Ω
ω + nΩ − ε0,k + iη
 + O(A
3
0).
(A.35)
96 ?? A ????????????
Lesser Green???????
(G<k)mn(ω)
2iη
= δmn
[{
1 −
(
vkA0
Ω
)2} f (ω + nΩ)
(ω + nΩ − ε0,k)2 + η2 +
1
4
(
vkA0
Ω
)2 f (ω + (n + 1)Ω) + f (ω + (n − 1)Ω)
(ω + nΩ − ε0,k)2 + η2
+
1
4
(
vkA0
Ω
)2{ f (ω + (n + 1)Ω)
(ω + (n + 1)Ω − ε0,k)2 + η2 +
f (ω + (n − 1)Ω)
(ω + (n − 1)Ω − ε0,k)2 + η2
}
+
1
2
(
vkA0
Ω
)2{ f (ω + nΩ) − f (ω + (n + 1)Ω)
(ω + nΩ − ε0,k)(ω + (n + 1)Ω − ε0,k) +
f (ω + nΩ) − f (ω + (n − 1)Ω)
(ω + nΩ − ε0,k)(ω + (n − 1)Ω − ε0,k)
}]
+ (δm,n+1 + δm,n−1) ivkA02Ω
×
[
f (ω + mΩ)
(ω + mΩ − ε0,k)2 + η2 −
f (ω + nΩ)
(ω + nΩ − ε0,k)2 + η2 −
f (ω + mΩ) − f (ω + nΩ)
(ω + mΩ − ε0,k + iη)(ω + nΩ − ε0,k − iη)
]
+ δm+1,n−1
[
1
4
(
vkA0
Ω
)2 { f (ω + (n − 1)Ω)
(ω + (n − 1)Ω − ε0,k)2 + η2 +
2 f (ω + (n − 1)Ω) − f (ω + mΩ) − f (ω + nΩ)
2(ω + mΩ − ε0,k + iη)(ω + nΩ − ε0,k − iη)
+
f (ω + mΩ) − f (ω + (n − 1)Ω)
(ω + mΩ − ε0,k + iη)(ω + (n − 1)Ω − ε0,k − iη)
+
f (ω + nΩ) − f (ω + (m + 1)Ω)
(ω + (m + 1)Ω − ε0,k + iη)(ω + nΩ − ε0,k − iη)
}
−
{
1
8
(
vkA0
Ω
)2
+
τ
αβ
k
Aα0 A
β
0
16Ω
}
f (ω + mΩ)
(ω + mΩ − ε0,k)2 + η2
−
{
1
8
(
vkA0
Ω
)2
− τ
αβ
k
Aα0 A
β
0
16Ω
}
f (ω + nΩ)
(ω + nΩ − ε0,k)2 + η2
+
τ
αβ
k
Aα0 A
β
0
16Ω
f (ω + mΩ) − f (ω + nΩ)
(ω + mΩ − ε0,k + iη)(ω + nΩ − ε0,k − iη)
]
+ δm−1,n+1
[
1
4
(
vkA0
Ω
)2 { f (ω + (n + 1)Ω)
(ω + (n + 1)Ω − ε0,k)2 + η2 +
2 f (ω + (n + 1)Ω) − f (ω + mΩ) − f (ω + nΩ)
2(ω + mΩ − ε0,k + iη)(ω + nΩ − ε0,k − iη)
+
f (ω + mΩ) − f (ω + (n + 1)Ω)
(ω + mΩ − ε0,k + iη)(ω + (n + 1)Ω − ε0,k − iη)
+
f (ω + nΩ) − f (ω + (m − 1)Ω)
(ω + (m − 1)Ω − ε0,k + iη)(ω + nΩ − ε0,k − iη)
}
−
{
1
8
(
vkA0
Ω
)2
− τ
αβ
k
Aα0 A
β
0
16Ω
}
f (ω + mΩ)
(ω + mΩ − ε0,k)2 + η2
−
{
1
8
(
vkA0
Ω
)2
+
τ
αβ
k
Aα0 A
β
0
16Ω
}
f (ω + nΩ)
(ω + nΩ − ε0,k)2 + η2
− τ
αβ
k
Aα0 A
β
0
16Ω
f (ω + mΩ) − f (ω + nΩ)
(ω + mΩ − ε0,k + iη)(ω + nΩ − ε0,k − iη)
]
+ O(A30). (A.36)
Lesser Green????? (A.36)?? 4?? 2?? η ?????????G< ????????
??? Green ????? (A.35) ??? (A.36) ???????? [? (6.42)] ? A0 ????????
???????????????????? χq(ω) = (χq)00(ω) = ∑l χ(l)q (ω)???????? ???
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χ
(l)
q (ω)?
χ
(l)
q (ω) = 2iN
∑
k
∫ ∞
−∞
dω¯
2pi
[
(GRk+q)0,l(ω + ω¯)(G<k)l,0(ω¯) + (G<k+q)0,l(ω + ω¯)(GAk)l,0(ω¯)
]
(A.37)
?????????? (A.35)??? (A.36)?????δm+1,n−1 ??? δm−1,n+1 ????? A20 ????
????δmn ??? δm,n±1 ??????????????l = 0?????
χ
(0)
q (ω)
=
2
N
∑
k
[
f (ε0,k+q) − f (ε0,k)
ω − (ε0,k+q − ε0,k) + 2iη −
A2k+q f (ε0,k+q) − A2k f (ε0,k)
ω − (ε0,k+q − ε0,k) + 2iη −
1
2
A2k f (ε0,k+q) − A2k+q f (ε0,k)
ω − (ε0,k+q − ε0,k) + 2iη
+
1
4
A2k+q f (ε0,k+q +Ω) − A2k f (ε0,k +Ω)
ω − (ε0,k+q − ε0,k) + 2iη +
1
4
A2k+q f (ε0,k+q −Ω) − A2k f (ε0,k −Ω)
ω − (ε0,k+q − ε0,k) + 2iη
+
A2k+q +A2k
4
{
f (ε0,k+q) − f (ε0,k)
ω +Ω − (ε0,k+q − ε0,k) + 2iη +
f (ε0,k+q) − f (ε0,k)
ω −Ω − (ε0,k+q − ε0,k) + 2iη
}]
+ O(A30), (A.38)
??????? limη→0 η/(z2 + η2) = piδ(z)????Ak = vkA0/Ω????????? Ω→ ∞???
A0 → 0????? (6.45)??????l = ±1?????
χ
(l)
q (ω) = 2N
∑
k
Ak+qAk
4
[{
2{ f (ε0,k+q) − f (ε0,k)}
ω − (ε0,k+q − ε0,k) + 2iη
− f (ε0,k+q) − f (ε0,k)
ω + lΩ − (ε0,k+q − ε0,k) + 2iη −
f (ε0,k+q) − f (ε0,k)
ω − lΩ − (ε0,k+q − ε0,k) + 2iη
}
+
∫ ∞
−∞
dω′
2pi
i
ω + ω′ − ε0,k+q + iη
×
{
2iη{ f (ω′) − f (ω′ + lΩ)}
(ω′ + lΩ − ε0,k + iη)(ω′ − ε0,k − iη) +
2iη{ f (ω′) − f (ω′ − lΩ)}
(ω′ − ε0,k + iη)(ω′ − lΩ − ε0,k − iη)
}
+
∫ ∞
−∞
dω′
2pi
{
2iη{ f (ω + ω′) − f (ω + ω′ − lΩ)}
(ω + ω′ − lΩ − ε0,k+q + iη)(ω + ω′ − ε0,k+q − iη)
+
2iη{ f (ω + ω′) − f (ω + ω′ + lΩ)}
(ω + ω′ − ε0,k+q + iη)(ω + ω′ + lΩ − ε0,k+q − iη)
}
i
ω′ − ε0,k − iη
]
+ O(A30), (A.39)
????????∑
l=±1
χ
(l)
q (ω) = 2N
∑
k
Ak+qAk
2
[{
2{ f (ε0,k+q) − f (ε0,k)}
ω − (ε0,k+q − ε0,k) + 2iη
− f (ε0,k+q) − f (ε0,k)
ω +Ω − (ε0,k+q − ε0,k) + 2iη −
f (ε0,k+q) − f (ε0,k)
ω −Ω − (ε0,k+q − ε0,k) + 2iη
}
+
∫ ∞
−∞
dω′
2pi
{
i
ω + ω′ − ε0,k+q + iη
(
2iη{ f (ω′) − f (ω′ +Ω)}
(ω′ − ε0,k)(ω′ +Ω − ε0,k) +
2iη{ f (ω′) − f (ω′ −Ω)}
(ω′ − ε0,k)(ω′ −Ω − ε0,k)
)
+
(
2iη{ f (ω + ω′) − f (ω + ω′ +Ω)}
(ω + ω′ − ε0,k+q)(ω + ω′ +Ω − ε0,k+q) +
2iη{ f (ω + ω′) − f (ω + ω′ −Ω)}
(ω + ω′ − ε0,k+q)(ω + ω′ −Ω − ε0,k+q)
)
× i
ω′ − ε0,k − iη
}]
+ O(A30), (A.40)
????? (A.40)?? 3–5??????? η ??????????????? (A.38)??? (A.40)?
χq(ω) = ∑l χ(l)q (ω)??????????? (6.57)–(6.60)????
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